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1 Introduction

Spectroscopic analysis of single molecule is a kind of scientific challenge. There are
many spectroscopic efforts to develop techniques for detecting single molecules.
Fluorescence is one of these promising techniques in particular in life since, but it is not
the only one. There are other strong techniques, like optical tweezers (4) , magnetic
traps, and single particle tracking, which work with samples in solution (6,7/3). For
studies on surfaces there are other techniques, like the atomic force microscopy (AFM).
AFM is based on a development of the scanning tunneling microscope (STM)
introduced by Gerd Binnig, Calvin Quate and Christopher Gerber in 1986. AFM allows
to image not only conducting materials like in STM, but also non conducting materials.
Hence AFM gives an opportunity to image biological samples (/7). Electron
microscopy is another powerful tool for imaging, particles and macromolecules at the
nanometer scale (/0). A further technique investigating molecules on the surface with
single molecule sensitivity is surface enhanced Raman scattering (SERS), for more

detail see references (6, 13).

The first, successful direct optical detection of a single multiple labeled molecule
appeared in the middle of the 1970’s by Hirschfeld (25,26). In 1989 Morner and Kador
performed single molecule measurements at low temperatures (28). Finally, by 1996,
the group of Richard A. Keller at the Los Alamos National Laboratory was first able to
detect individual rhodamine molecules in a fluid flow (9). Later single-molecules,
optically detected from single fluorophores at room temperature, became a topic of

intensive research work (22).

For the single molecule fluorescence techniques the following aspects are of

importance:

1. Low background and high signal to noise ratio: Since we look for single
emitters, the signal will be weak compared to ensemble measurements, so the

background has to be as low as possible.

2. Good fluorophores should have high quantum yields @ (in between 0.5 and 1)
and high absorption coefficients & (~ 10* and 10° cm'M™). Both increase the

detection efficiency and thereby increase the signal to noise ratio.
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3. The excitation source should be intense, monochromatic, and should deliver a

well collimated beam. These properties are typically provided by a laser.

4. High quality of the optical elements are needed, including high numerical
aperture objectives, which give small detection volumes, open the measuring
angle, and increase the lateral resolution. Also the developments of dichroic
mirrors and filter coating reduce the background caused by scattering and by the

light from unwanted sources.

5. High sensitive detectors, like single-photon avalanche diodes (SPAD) or charge
coupled devices (CCD) cameras, which became available in the last two
decades. They provide detecting efficiencies up to 80% or even more, as shown

in Figure 1-1.1.
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Figure 1-1.1: Quantum efficiency of back-thinned illuminated CCD cameras (1). The quantum
efficiency QF is defined as the percentage of the generated electronic charges with respect to the
incoming photons (2)(3).

Over the past years laser induced fluorescence detection became a major technique
in studying topics in chemistry, in biology, in medicine, and even in material
science. In this study the probes, such as biological macromolecules, are either
naturally fluorescent (for example green fluorescence protein (GFP)), or are labeled

with fluorescent dyes (/7).

Proteins are the most abundant molecules in the cell and carry out virtually every
chemical transformation in the cell. A protein is a kind of natural polymer which is
built up from a sequence of 20 different amino acids. These amino acids are linked
together to form a polypeptide chain, the sequence of this chain is called the primary
structure of a protein. The polypeptide chain is forming loops, helices and/or beta

sheets, which are called secondary structure elements. Helices and beta sheets form
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domains which finally build up the tertiary structure. A final protein complex may

consist of several polypeptide chains, which is called quaternary structure. This

tertiary or quaternary structure gives the protein its three dimensional structure and

forms functional regions or active sites. Functional regions or active sites give the

protein its functional properties and characteristics (J5).

Fluorescent dyes which are attached to the protein of interest can offer the

possibility to study some of these properties. In addition to the detection of the

location of fluorescent molecules at a given position (imaging), one can also use the

fluorescence detection techniques to obtain the following information about the

specimen:

1.

A time trace of intensity. One can use time traces to study the blinking or
bleaching of an immobilized fluorophore which provides in some cases a good

characterization of the fluorophore (15,20).

Fluorescence correlation spectroscopy (FCS) provides valuable information
about the molecule diffusion. Hence one can calculate from the diffusion the
hydrodynamic radius of the molecule, which gives information about the spatial
extension of the molecule. Also it can give information about molecule binding

events which eventually takes place during the molecule diffusion (217).

Forster Resonance Energy Transfer (FRET) provides information on the
proximity of specific labeled sites in the order of a few nanometers apart. FRET
gives information about the protein structure and conformations (7,72,24).
Fluorescence Photoinduced Electron Transfer (PET) can also be measured with
diffusing or with tethered molecules (79,23,29). PET gives invaluable
information about structural conformations of the investigated molecule.
Both, FRET and PET, are a kind of quenching of the fluorophore transferring the
energy to another molecule. While FRET is dipole-dipole interaction it requires
two fluorophores separated by a distance in the order of the Forster radius of the
FRET pair, typically 20 to 70 A. In contrast to FRET, PET is caused by
collisional interactions. In PET due to this collision an electron is transferred
from the acceptor to the donor (more details in Section 2-4). So, PET is typically

detecting short distances while FRET is sensitive for longer distances.
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4. The fluorophore is a planar structure which is oriented in three dimension space.
The orientation of the fluorophore can provide interesting information about the
molecule to which the fluorophore is attached. In this respect anisotropy
measurements and defocused wide-field imaging (27) are the methods of choice to
obtain information about the orientation of the fluorophore. Employing anisotropy
decay measurements one can detect the rotational motion of the fluorophore which
occur in times shorter than the fluorophore life time (8,7/4). In addition more
common steady state anisotropy measurements give valuable information about the

rotational freedom of fluorophores attached to biomolecules (/6).

Single molecule measurements give unequaled information about the heterogeneity of
an ensemble of molecules. They provide a complete distribution of observables and
allows us to discriminate between static and dynamic heterogeneity of properties of
molecules (/8). This detection technique makes the undetectable, rare, and hidden
events in the ensemble accessible. An example is given by the protein folding problem.
In spite of the fact that protein folding studies began early in the middle of the last
century, the tools which analyze the protein folding at the single molecule level have

been recently developed.

The motivation of this work is to study protein folding/unfolding transitions and protein
synthesis, using single molecule fluorescence techniques, in particular by using wide

field microscopy and fluorescence correlation spectroscopy.
This thesis is organized according to the following scheme:

After this introduction (Chapter 1) it is Chapter 2 which is describing the methods and
materials which were used during this work. In this chapter fluorescence phenomena
and some related basic physical principles are discussed. The optical setups will be
introduced to the reader, namely a detailed description of the wide-field microscope and
the confocal microscope. Furthermore, the fluorescence techniques we applied during
this work will be explained in more detail (FCS, PET and anisotropy measurements).

Finally, I will describe the sample preparations.

Chapter 3 is presenting the obtained results and a discussion of our attempts to observe
the proteins as single molecules encapsulated in surface tethered polymeric

nanocontainer and to monitor protein synthesis of the green fluorescence protein (GFP).
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Also in this chapter I will present results of our attempts to study dynamics and

structural conformations of a-amylases and Phosphoglycerate kinase (PGK) using the

FCS technique.

In Chapter 4 the obtained results are reviewed in a final conclusion and an outlook on

upcoming studies are outlined briefly.
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2 Methods and materials

2-1 Fluorescence

Through the last three decades there has been a noticeable increase in the use
of fluorescence techniques in biological and chemical research (more than 440,000
publications (8)). Fluorescence spectroscopy and time-resolved fluorescence techniques
are considered to be primarily research tools in biochemistry and biophysics (3). When a
sample absorbs and subsequently re-radiates light the process is described
as photoluminescence. If the emission of light takes place within a time course between
a few milliseconds and seconds after the excitation, the phenomenon is called
phosphorescence. Fluorescence, on the other hand, describes light emission that takes
place very fast after the excitation process. The time interval between the absorption of
the excitation light and the emission of the re-radiated light in fluorescence is usually in
order of few nanoseconds.
Some of the first scientific reports about photoluminescence appeared in the middle of
the 19™ century. In 1845 Sir J.F.W. Herschel (12) reports on an experiment he did
twenty years earlier, in which he observed that an almost colorless solution of quinine in

water emitted a blue color under certain conditions.

Solution
of quinine
W
(- —
= — % T
: #
v Pt \‘ / ///’
Sun
| N G.G Stokes
Excitation filter. Emission filter.
Transmits < 400nm Transmits > 400nm
(blue-glass from church (yellow-glass of wine)

window)

Figure 2-1.1: Experimental set-up used by G.G. Stokes (6).

In a paper that appeared in 1852 Sir G.G. Stokes studied the same compound. He
found that the emitted light has a longer wavelength than the absorbed light (the
experiment is shown in Figure 2-1.1), which was called later the Stokes’ shift. Jabtonski
and others developed a modern theoretical understanding of Stokes observation 70 years

later. In the 1920s and 1930s Jabtonski investigated polarized light and fluorescence. He
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was able to show that the orientation of the transition dipole moments in absorption and
in emission are not the same (3). Thus the foundation for the concept of anisotropy was
established. For that and other accomplishments Jabtoniski has been referred to as the
father of fluorescence. Jablonski’s work has had a major impact on the theoretical

understanding of photophysics.

2-1.1 Basic concepts
a) Excited electronic states
Each electron has a unique set of quantum numbers (Pauli’s “exclusion principle”):
n (Is, 3p...) the principal quantum number, / the angular momentum quantum number, s
the total spin quantum number and m the magnetic quantum number. Any two electrons
in the same orbital having the same quantum numbers (#, /, and m) must have different
spins

s=+ Y or—"

So the total spin will be:
S=2s 2-1.1

Multiplicity is the quantification of the amount of unpaired electron spins. It is a result
of Hund's rule, which favors the single filling of degenerate (same energy) orbitals. The
result is the filling of multiple orbitals with electrons or multiplicity. Multiplicity is
calculated with the equation: 2 § + /. So the spin multiplicity can be either 0, /, 2, etc.
In case of S = 0 the multiplicity will be /, so this electronic state will be called singlet
and denoted by S. In case of S=1/2 the multiplicity will be 2 and the electronic state will
be called doublet state and denoted by D. In case of S=/ the multiplicity will be 3 and
the electronic state will called triplet state and denoted by 7, and so on (/4).

b) Absorption and emission

The interaction between an electromagnetic (EM) wave and matter is the basis of the
subject of spectroscopy. The EM wave interaction with matter is based on resonant
coupling of an incoming EM wave, producing oscillations in the target molecule.
According to the nature of the target system and the energy of the incident EM wave,

we can obtain excitation of the electronic, the vibrational, or of the rotational states of
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the coupled system. The amount of energy required to move an electron, from one state

to another is depending on the frequency condition (introduced by Nils Bohr), which
relates the EM wave frequency v to the transition energy AF according to the following

relation (15):

AE=E;-E, =hv 2-1.2

Here / is Planck’s constant. If the resonance condition is satisfied, the energy of the
incoming EM wave is sufficient to convert the molecule from the lower energy level £,
to a higher energy level E;. Then after some time (called the life time of the excited
state), the molecule emits a photon with a wave length shifted to the red direction on the

solar spectrum. This shift is called Stokes’ shift, as shown in Figure 2-1.2.

Stokes’shift

Normalized Absorption
Normalized Emission

350 400 450 500 550 600 650
Wavelength (nm)

Figure 2-1.2: Absorption-emission spectra of a fluorescent dye called Alexa488.

One can explain the Stokes’ shift in more detail as shown in Figure 2-1.3. As we see
in this figure, when the electron absorbs the incident wave, it will be transferred
from the singlet ground state to the first excited state. From quantum physics we
know that the state is not characterized by “a sharp line”, but any electronic level
is built up from sublevels, called the vibrational levels, furthermore any

vibrational level is built up from sublevels called rotational levels, and finally any
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rotational level is built up from two spin levels (orbitals). In most cases the
excited electron will populate one of these vibrational states. The transition from
a particular vibrational state to the “head” of the first excited singlet (S) state is fast
and radiationless (vibrational and rotational levels). This relaxation dissipates energy
in the infrared regime, as shown in Figure 2-1.3 and Figure 2-1.4. Hence the wavelength
of the emitted fluorescence photons will be longer, as compared with the absorbed one.

It will be shifted to the red direction on the solar spectrum.

Dissociation

Excited state
level head

Vibrational
Relaxation
Absortption

Energy

»

Emission

Inter-nuclear distance

Figure 2-1.3: Frank-Condon principle. Excitation of electronic transitions is fast with respect to
nuclei movement, which leads to horizontal transitions into excited vibrational states (7).

Singlet excited states Triplet excited state
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Figure 2-1.4: Jablonski diagram.
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The transition from the ground to the excited state occurs in about a
few femtoseconds. This time is too short for significant displacements of the
nuclei. This principle was stated semi classically by Franck-Condon in end of

1920’s. According to the spin selection rules the transition will be allowed only if 45=0
(16).

Transition Description Rate | Decay life time (s)
S,—S...8, Absorption (Excitation) Kexe 1075
S,—S; Internal Conversion K. 101410710
S1—S; Vibrational Relaxation K, 10"2-1071°
Si—S, Fluorescence Ky 10°-107
Si—T; Intersystem Crossing K. 101°%-10®
S1—S, Non-radiative Relaxation or Quenching | &, &, 107-10°
T:—S, Phosphorescence kp 103-10°
T;—S, | Non-radiative Relaxation or Quenching | &, k; 103-10°

Table 2-1.1: Overview of timescale ranges of all transitions of the first excited singlet state (5).

So, it is improbable that a transition takes place from a singlet state to a triplet state.
However, in the fluorescent molecule it could be that intersystem crossing takes place,
and phosphorescence happens. According to the Jabtonski diagram there are other
deactivation pathways for excited electrons. Some of these pathways take place

according to intra-molecular processes like (see Figure 2-1.4):

eInternal Conversion: radiationless transition to lower states when a vibrational energy

level matches.
o Intersystem Crossing: transition with a spin change (e.g. S—> T).
e Fluorescence: emission not involving a spin change (e.g. S;—>S,), often efficient.

e Phosphorescence: emission involving a spin change (7; — S,), often improbable,

long-lived. Another reason for the deactivation are inter-molecular processes like:

e External Conversion: radiationless transition (quenching) to lower state by collisional

deactivation
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o FRET: radiationless transition to a lower state according to the transfer of the donor
energy to another fluorophore (acceptor) in the vicinity (more detail will be discussed in

Section 2-1.1d).

o PET: radiationless transition to a lower state according to collisions of the excited
fluorophore with another fluorophore (more detail in Section 2-4).

An overview of timescales of all transitions mentioned in the Jabtonski diagram is given

in Table 2-1.1

¢) Fluorescence lifetime and quantum yield

The molar absorption coefficient € (in biochemical studies given in M'em™) quantifies
“how strongly” a molecule in solution absorbs light at a given wavelength. Besides the
molar absorption coefficient and the fluorophor stability (essentially the maximal
number of excitation-emission cycles before the flourophor is photo-destructed) both,
the fluorescence lifetime (tayr) and the quantum yield (®gyr), may affect the
fluorophore brightness (emitted photons per molecule per time interval). These
parameters depend strongly on the chemical structure and on the environment of a

fluorescent molecule. The fluorescence quantum yield is defined by the following

equation:
number of photons emmitted
b, = /P (0 <P, < 1)
Mor pumber of photons absorbed uor
@ — k Sfluor 2-1 '3
Sluor
kﬂuar + knorgﬂou
Here k,,, is the rate constant of fluorescence and £,,,,,, s the rate constant of non-

fluorescent processes. The fluorescence lifetime 7z, refers to the average time that the

molecule stays in its excited state before emitting a photon:

N S 2-14
Jur k Sfluor + k nonflou

d) Fluorescence quenching
As shown before in Figure 2-1.4 in the Jablonski diagram, it could be that intersystem
crossing takes place and that the excited electron transfers from a singlet excited state to

a triplet state. All triplet states have longer life times than the singlet states. This means
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that triplet states work as traps keeping electrons in the excited states for longer time
(see Table 2-1.1). A subsequent decay from T, to S, by sending out a photon is called
Phosphorescence. A radiationless decay from excited states can take place in the
presence of heavy atoms or paramagnetic molecules, due to intersystem crossing
enhanced by spin-orbit coupling (3,77-19). The latter case can be called quenching. As
consequence quenching may affect the excited state lifetime and the fluorescence
quantum yield (20). This means quenching is always related to a reduction of the
fluorescence intensity. There are other inter-molecular processes which lead to an
intensity reduction. For example Forster Resonance Energy transfer (FRET) where the

transfer rate is given by (27,22):

6
1 (R,
kFRET:—( j 2-1.5

T\ F
Here r is the distance between the donor (quenched fluorophore) and the acceptor (the
quencher molecule) (3). 7, is the fluorescence life time of the donor molecule in absence
of the acceptor. R, is the Forster radius (in A) and which can be calculated from the

spectral properties of the donor and the acceptor by (23):

1

R =[8.8x10% .k -®,-J(A)-n"*1° 2-1.6

In this equation x”is the dipole orientation factor, ® ,is fluorescence quantum yield of

the donor in the absence of the acceptor, n is the refractive index of the medium, and

J(A) (in M'em’) is the spectral overlap integral, as shown in Figure 2-1.5.

Another kind of quenching is given by a collisional process of a quencher with the
fluorophore, which is called collisional quenching. This collision can facilitate the non-
radiative transition to the ground state of the excited fluorophore. In this case the
intensity reduction is given by the Stern-Volmer equation:
Fo—1to 2-1.7
I+k,[O]
In this equation F, is the intensity without collisions, F is the reduced intensity, kg is the

Stern-Volmer quenching constant, and /Q] is the quencher concentration.
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Donor J(A) Acceptor
fluorescence absorption

Wavelength (1)

Figure 2-1.5: Schematic representation of the spectral overlap between the donor fluorescence and
the acceptor absorption (2)

If this kind of quenching leads to a non-fluorescent complex with a lifetime longer than
the fluorescence lifetime, this process is called static quenching. The intensity reduction

can be calculated as:

K 2.1.8

F=
1+k,[0]

Here F, is the fluorescence intensity before the complex formation, F is the reduced
intensity, k, is the association constant of the complex, and /Q/ is the quencher
concentration. If the lifetime of the fluorophore-quencher complex is shorter than the
fluorescent lifetime, this is called dynamic quenching. Dynamic quenching takes place
when a collision happens between the excited fluorophore, and another molecule (e.g.,
0;). Since dynamic quenching is typically a fast process that depopulates the excited
state, the fluorescence lifetime will be affected by this kind of quenching. The

fluorescence lifetimes in the presence of the quencher (7) is given by (3)

T= (To_l +k, [Q])_1 2-1.9

-1, . : :
Here 7, is the decay rate in the absence of the quencher and k, is the bimolecular

quenching constant. Then one can rewrite Equation 2-1.9 as the following

T

o

T=—-—"-—
I+k,7,[0] 2-1.10
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Equation 2-1.7, 2-1.10, and the relation k,, =7k, , illustrate an important characteristic

of dynamic quenching: an equivalent decrease in fluorescence intensity and lifetime

(24).

2 =2 2-1.11

In cases where the association and the dissociation rates of the complex are smaller than
the fluorescence life time, one can obtain the life time changes by measuring respective
intensities. In this particular case the previous equation is a good test to check whether

quenching is static or dynamic.

2-2 High resolution fluorescence microscopy

Fluorescence microscopy has numerous clear advantages for the investigation of the
biological samples. These advantages are valuable in particular for high sensitivity
detection which enables ones to reach even single molecule level. In this respect the past
decade experienced tremendous progress in the field of high resolution optical
microscopy applications. On the other hand the vast improvement in fluorescent dyes

accelerates progress in the field.

Spectroscopy pioneers suffered from various problems, like image blurring and optical
aberration. In 1824 the aberration problem was simultaneously solved in England, by
Joseph Jackson Lister and in Italy by Giovanni Battista Amici. They introduce
independently achromatic objectives (25,26) and they were the first who stated the
importance of the immersing medium. In addition, they also improved the numerical
apertures to about 0.65 for dry objectives (air immersed objectives) up to 1.25 for the
homogenous immersion objectives (27). In 1886 Ernst Abbe and Carl Zeiss in co-
operation with the chemist Otto Schott produced apo-chromatic objectives (28). These
advanced objectives provided images with reduced spherical aberration, free of color
distortions (chromatic aberration), and with high numerical apertures (29-37). The
illumination techniques gave also rise to serious problems. In the past microscopists
were using the critical illumination technique. In critical illumination the major
limitation is that the image of the light source falls in the same plane as the image of the
specimen. This means that over the sample image there is also the image from the

illumination source (the filament, the dust or fingerprints). Critical illumination
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therefore gives a heterogeneous sample illumination. Also it is undesirable as it can
introduce artifacts, such as glare shadowing in the image. Various methods can be used
to diffuse the filament image like a glass diffuser between the source and the sample.
These methods are helpful, to some extent to reduce the heterogeneity of the
illumination. However, they all reduce the intensity of illumination and alter the range
of wavelengths of light which reach the sample. Later efforts were exerted on the
illumination method by August Kohler in 1893. The K&hler illumination is still applied
in the recent optical microscopes. This method gives the opportunity to take the full
advantage of the resolving power described by Abbe. As shown in Figure 2-2.1 the main
idea of Kohler illumination depends on producing what is called conjugate planes, in the
image forming pathway or in the sample illumination pathway (32). The illumination or
the image forming pathway optical setup produces a focused image of the lamp filament

at these planes.

a b
— Film Plane p—
Film Plane
Eyepoint
ey — Lens in
camera
system
Eyepiece
— Eyepiece — Fixed
Diaphragm
' -' .
s @ Image formed
by objective
Eahqj:ﬁ?gl.‘::; (intermediate
plane image plane)
— Objective — &

Specimen

— Slide — .

Aperture Specimen
Diaphragm

-Substage
o Condenser

— Field —

Diaphragm

Figure 2-2.1: Kéhler illumination in both pathways a) sample illumination and b) image forming (1).
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In both light pathways, we have four separate planes in every pathway, which together
create a set of conjugate planes. In the

illumination pathway the set of conjugate

planes consists of the lamp filament, the 3 @

condenser aperture diaphragm, the rear focal

plane of the objective, and the eyepoint of

the eyepiece. The eyepoint is located directly

above the top lens of the eyepiece, at the

point where the observer places the front of Figure 2-2.2: The effect of the mumerical

his eye during observation. In the image  aperture on the resolution. For the same

. wavelength it is found that as larger the
formation pathway we have also a set of  ,umerical aperture is, the smaller the
radius of the resolution Airy discs will be.
a) Well resolved objects. b) Just resolved
objects (11).

conjugate planes, consisting of the field
diaphragm, the focused specimen, the
intermediate image plane, and the retina of
the eye or the film plane of the camera. According to the Kohler illumination and Abbes
improvements of the lenses design (33) we can make use of high numerical apertures for
the objectives. But, why do we need higher numerical apertures (N.4.) for our
objectives? The answer for this question is given by the Rayleigh equation which
defines the resolution or the minimum distance between two just resolved objects (d) as

shown in Figure 2-2.2 by:

d=122- (Lj 791
2N.A.

Here A is the wavelength of the illuminating beam. Depending on the specific
requirements either trans-illumination or epi-illumination of the sample is applied.
Trans-illumination involves transmitting the excitation beam through the sample
towards the detector. In contrast to trans-illumination one can use the epi-illumination,
which involves reflecting the excitation beam from the sample (34). Epi-illumination is
typically used in fluorescence microscopy and gives the opportunity to use only one
objective. The excitation and emission (image forming) pathways are shown in Figure

2-2.5, see next subsection.

Today mainly two different types of high resolution optical microscopes are employed

in fluorescence microscopy. One is the wide-field microscope imaging an extended area
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directly and the other one is the confocal laser scanning microscope (CLSM) which

forms an image by raster scanning.

2-2.1 Wide-field microscope

Wide-field microscopes are powerful tools for time resolved imaging. Also in
some cases wide field technique causes lower photobleaching than laser scanning
techniques. As Wolfgang Becker et al. said” Since the increase of photobleaching with
the power is nonlinear it should be expected that wide field imaging is less affected by
photobleaching than scanning techniques” (35). In our particular case we used the wide
field setup for imaging samples labeled with one dye or with two dyes of different
colors. For this purpose we used an argon ion gas laser (from Coherent, Inc., Santa
Clara, CA, USA) which provides us different lines in the range of blue and green light
(475-477- 488- 496- 501- 514- 528 nm). These lines were divided by a 50/50 beam
splitter and one part was directed into a dye laser (from Radiant Dyes Laser Acc. GmbH,
Wermelskirchen, NRW,Germany). For obtaining excitation light at 635 nm we used the
dye DCM-Pyran CH;CN which gives red laser light with a broad spectrum. The desired
wavelengths (488 or 528 and 635 nm) were cleaned with laser clean filters (from Omega
Optical, Inc. Brattleboro, VT, USA). As shown in Figure 2-2.3 these laser beams were

guided and combined for simultaneous or alternating two color excitation.

For epi-illumination we used two different multiband dichroic mirrors according to the
dyes used sample and the respective excitation lines, to deflect the laser beams towards
the microscope. We used a microscope (IX-81 from Olympus) with an auto-focus
option, which is equipped with an IR laser to detect the Z-position of the glass slide
surface and to move the objective to focus on this surface, see Figure 2-2.4. In this focus
drift compensation the IR laser is half blocked and directed towards the objective. If the
glass slide is in the focus the part from the focused beam reflected towards a detector
through the objective, hence we get a small point-like image of the focus (Fig. 2-2.4b,e).
If the glass slide is positioned above or below the objective focus we observe the
respective half of the typical circular interference fringes forming an image on the left
side (Figures 2-2.4a,d), for a reflection plane below the focus or on the right side

(Figures 2-2.4c,f) for a reflection plane above the focus, of the detection plane.
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Dye Laser
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Figure 2-2.3: Schematic draw of our wide field setup. On the lower right corner we can see a

schematic draw for the wedged filter and how it splits two different incoming wavelengths. M is a
100% mirror, LCF is a laser cleaning filter, and DM is a dichroic mirror.
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Figure 2-2.4: A schematic draw of the auto-focusing Z-drift compensation (ZDC) unit inside the
motorized microscope IX81. When the IR laser beam is reflected through an additional dichroic mirror
towards the glass slide, we observe a back-reflection due to changes of refractive index between the
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To achieve a good wide field illumination we set the optical elements as shown in
Figure 2-2.5 and focused the beam on the back focal plan of the objective by using a
long focal length lens (not shown in Figure 2-2.5). In our wide field microscope we used
an oil immersed UPlansApo objective (from Olympus Europa Holding, GmbH,
Hamburg, Germany), with 60X magnification power and a N.A. of 1.35. This objective,
due to its large numerical aperture, collects a large amount of the fluorescence and
guides the fluorescence light to the multiband dichroic mirror. The selected dichroic
mirror (see Section 3-1) deflects the excitation beam and transmits the fluorescence light
coming from the objective. To this point the fluorescence emission light from different
colors is overlapping in space. To separate the overlapped beams we used a wedged

mirror (custom order from Omega Optical) as shown in Figure 2-2.3.

Excitation heam

Fluorophore
N [

I
iy

|
Dichroic Mirror \_/

Figure 2-2.5: A schematic draw of a wide field sample illumination.

The wavelength separated beams pass through a tube length and are finally focused
through the respective emission filters (from Omega optical) on separated areas of a
back illuminated CCD camera (iXon DK-855 from Andor- Technology, South Windsor,
CT, USA). For various applications we needed a fast switch between different laser
lines, which was accomplished by the use of an acoustic optical tunable filter (AOTF
from AA Opto-Electronic, Orsay Cedex, France). The AOTF allows very precise
selection of the desired wavelength and regulation of the excitation intensity. A simple
program was written using LabVIEW (software from National Instruments, Miinchen,
Germany) to control the acoustic optical tunable filter with the Cell M software (the
microscope software from Olympus). Also an external shutter (VCM-DI1 from Vincent
Associates Uniblitz Corporate Headquarters, NY, USA) was implemented in the

illumination pathway to prevent continues illumination of the fluorophores. The
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measured images were treated and analyzed using Image J (from the National Institute

for Health, Maryland, USA) and custom written matlab routines.

2-2.2 Confocal microscope

In contrast to the conventional wide field imaging the confocal imaging is a raster
scanning technique. The scanning method is realized either by moving the laser beam
against the position fixed sample or by moving the sample against the position fixed
laser. This technique has several advantages with respect to conventional microscopes
(36,37). A very essential difference between the confocal microscope and the
conventional wide field microscope is the presence of a pinhole (called confocal

pinhole) (38) in one of the conjugate planes of the image forming pathway.

Pinhole

Tube lens

<4— Dichroic Mirror

Beam expander

Above focus

Focus

—>
Below focus 4I_>

Figure 2-2.6: Schematic drawing for the confocal microscope setup. In the figure we can see the
emitted fluorescence coming from different planes above (dotted line) and below (dashed line) the
focus blocked by the pinhole.
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This pinhole lets pass only fluorescence light coming from the focus and blocks out of
focus light. In other words the confocal microscope detects only “in-focus” objects and
discards “out of focus” objects (Figure 2-2.6). This property causes reduction in the
back ground and enhances the signal to noise ratio significantly. Another important
advantage is its ability to detect serially thin optical sections (from 0.5 to 1.5

micrometer) through the fluorescent samples with extended thicknesses (~50 pum) (39).

Here we used the confocal microscope MicroTime 200 (from PicoQuant GmbH, Berlin,
Germany) for FCS measurements (see Section 3-4) and anisotropy measurements (see
Section 3-3). As shown in Figure 2-2.7 the excitation beam passes from the pulsed laser
source (640 nm and 470 nm diode lasers) through a polarization maintaining single
mode fiber to a laser clean filter and is reflected by the so called major dichroic mirror
(MDM). The major dichroic mirror deflects the excitation beam to the microscope 1X81
(from Olympus) through a beam displacer. The role of the beam displacer is only to
compensate for minor misalignment between the microscope and the main optical unit
(MOU). The microscope is equipped with a precise 2D piezo scanner to move the
sample in the X-Y plane and a PIFOC to move the sample in Z direction. The parallel
excitation beam is focused in the sample using an UplanSApo 60X water immerse
objective with numerical aperture of N.A=1.2 (from Olympus). The fluorescence beam
goes back through the same objective and is passing the major dichroic mirror. By
means of a convex lens the parallel beam is focused on the pinhole (50 micrometer).
Depending on the application we typically split the light with respect to the color (with a
dichroic mirror) or with respect to the polarization (with a polarization beam splitter
cube). The resulting beams are guided finally to two separate detectors (Single photon
avalanche diodes; SPADs from Perkin—Elmer, Canada). Respective emission filters are
located according to the application either in front of the detector or in between the
major dichroic mirror and the pinhole. The arrival time of each detected photon was
recorded by a time-correlated single-photon counting (TCSPC) card (Pico- Harp 300,
PicoQuant Berlin, Germany). Data handling and part of the analysis was performed
with the SymphoTime software from PicoQuant. For the purpose of measuring the
excitation beam intensity, there is another beam splitter in front of the major dichroic
mirror. The beam splitter reflects approximately 10 to 20 percent from the main beam

towards a photodiode which measures the beam intensity. A further important issue is to
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determine the position of the glass surface. This is provided by a video camera
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(50/50 beam splitter).

monitoring the image of the back-scattered beam from the glass surface.
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]
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Figure 2-2.7: A schematic draw of the MicroTime 200 (4). M:100% mirror, DM: dichroic mirror, MDM: major dichroic mirror and BS: beam splitter it
might be split according to the plane of polarization (cube polarizer beam splitter), to the wavelength (dichroic mirror), or only dividing the wave front
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2-3 Fluorescence correlation spectroscopy

Fluorescence correlation spectroscopy (FCS) is a powerful spectroscopic
detection technique investigating diluted samples down to single-molecule
concentration (40,41). FCS measures and correlates fluctuations of fluorescence
intensity. This section introduces the theoretical background of FCS, which was first
realized by D. Magde, E. Elson, and W.W. Webb, as published in 1972 (42). In the
nineties, due to the introduction of reasonably priced laser sources, FCS became a
popular technique as a spectroscopic tool for high resolution (spatial and temporal)
studies on ultra-diluted samples (~ a few ten pM to a few nM) (43,44). FCS is based on
the analysis of intensity time traces. In principle one can apply FCS for immobilized
molecules as well, but I will discuss here only the case of diffusing molecules. The main
idea in this case is to measure the fluctuating fluorescence intensity of the diffusing
molecules through the confocal volume, the latter in the order of few femtoliters (45).
Typically a small pinhole is used to avoid any fluorescence contributing from outside
the confocal volume (see Section 2-2.2). This fluctuation is a result of dynamical
processes, mainly the translational diffusion. In addition, conformational changes of the
probe can be another source of intensity fluctuation, which makes the fluorophores to
work as reporters. The FCS technique is sensitive to processes taking place on almost all
time scales, namely from picoseconds to hundreds of milliseconds. The maximum time
is practically limited by the fluorophore photostability. Figure 2-3.1 shows some of
biomolecular processes and fluorescence relevant timescales. FCS theory describes
dynamical processes and delivers information about the investigated molecule in terms
of the rates and amplitudes of the intensity fluctuation.

Residue motion Collective motion

+—>
Levels

excitation

Levels

relaxation Loop

: domain motion
motion
<+—> <4“——> +—> 4¢—>

Diffusion time

Fluorescence decay
<+—> e SE—

Figure 2-3.1: Biomolecular and fluorescence related time scales. For a diffusing protein, during the
diffusion, one can detect the protein dynamics according to the related time scales of these motion.
Adopted from Sisamakis, E. et.al (13).



2 Material and methods 25

A very important advantage of FCS with diffusing molecule is related to the fact that the
molecules are permanently replaced in the confocal volume, and therefore photo-

bleaching often is not a crucial limitation.

2-3.1 Theoretical concepts

Depending on the molecule concentration we will measure the corresponding number of
molecules in the confocal volume. With an appropriate concentration one can get easily
one or two fluorophores diffusing in and out of the detection volume. This diffusion
causes an intensity fluctuation. Hence we can compare the intensity / (¢) with the later
one / (t+7) and generate the autocorrelation function G (7). As will be shown below the
amplitude G(0) is exactly the reciprocal particle number in the confocal volume, since
the intensity fluctuation follows the Poisson statistics (46). From the autocorrelation
function we can extract physical parameters, such as diffusion coefficients, diffusion
times, furthermore we can obtain the molecule concentration. The autocorrelation
function G (7) is the time average of the product of the intensity /(?) at time (z), with the
intensity /(t+t) at later time (¢+ 1) (47-49),

Gt)=<I(t) I(t+71)>

_17 231
—?Jo'l(t) I(t+7) dt

where T is the data accumulation time. The factor ? is for normalization. If </> is the

mean value of the intensity / (?) then the quantity of interest will be /(¢ ).
o(t)=<I>-I(t) 232

The autocorrelation function can be normalized by the squared average intensity.

<I(t) I(t+7)>

G(7)= <I>’

2-3.3

In the previous equation G'(7) is the normalized autocorrelation function, ¢ is the initial

time and 7 is the time delay. If we do not correlate to the initial time, but to the previous
intensity measurements, we will set ¢ to zero. Hence 7 will be always the time difference

between the successive intensity measurements (50).
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<I1(0) I(7)>
<I>’

G(r)= 2-34

For interpreting the FCS data we need a model to describe the intensity fluctuation. For
this purpose the molecular brightness (B) is a reasonable choice. One can define the
brightness as the number of photons observed per second for a fluorophore (3,57).
B=qeQ 2-3.5

Here g is the detection efficiency of the optical setup, ¢ is the molar absorption
coefficient and Q is the quantum yield
of the dye. We have to assume an
intensity profile for the focused laser. A
suitable profile is the three dimensional

Gaussian profile (52,53) as shown in

Figure 2-3.2.

P 4

“2(X2+Y%) 27?

2 2
(ry=Ie “ e~

P ° 2-3.6

Hence if we state 0C(r,t) as the Figure 2-3.2: The detection volume shows the

. . . . Gaussian profile of intensity distribution.
fluctuation in concentration during the

diffusion, one can rewrite Equation 2-3.2 by the following (4§):

3l(t)=[B 1, p(r) 6C(r,1) dV 237

Integrating Equation 2-3.7, dividing by /,, and squaring the result will give:

<I>=[BC [p(r) dV'} 238
4

From Equations 2-3.7, 2-3.8 and 2-3.4 we can understand that the autocorrelation

function G is depending only on the position distance if 7 is the distance at time =0 and

r'is the distance at time 7. Using Equations 2-3.7 and 2-3.8 one can rewrite the

autocorrelation as follows (56, 57):
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B ” p(r) p() <8C(r,0) SC(r,r)> dV V'
[BC [p(r) dVT

G(r)= 2-3.9

In real experiments the molecules diffuse in three dimensions with a diffusion
coefficient D. Now I will define the parameter called density autocorrelation. This term

can be written as follows (47):

30 P

<8C(r,0) SC(r,t)> =C (4r D 1)? e*Pr 2-3.10

Rewriting Equation 2-3.9 using Equations 2-3.10 and 2-3.6 one can get:

1

—1 ——

4D 1 4D 7| 2
G(r)=G(0)[1+ e j (H > j 2-3.11

z

o

2

where G(0) is the amplitude at /=0 (3). If the diffusion time is 7, :f—l”) (50) hence we

can rewrite Equation 2-3.11 as:

G(r)=G(0)[l+ij [1+[”0J i} 2-3.12
Tp Z, ) Tp

The confocal volume can be calculated using the following equation:

3

Ven'wz, 2-3.13

With the average number of molecules inside the volume:

1 2-3.14
=G

A typical example of an autocorrelation curve is shown in Figure 3-2.3. From the curve
one can determine the value of G(0) and the diffusion time 7p. To extract the

information from the autocorrelation curve one has to apply models, for example the
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model given in Equation 2-3.10. Assuming that different types of particles are present in
our sample, the autocorrelation function will be composed of a sum of various decays,

each of them with an individual decay time 7.

10° 107? 10" 10° 10’ 10?
lag time (ms)

Figure 2-3.3: Autocorrelation curve shows the diffusion of free Alexa488. The red line is the
autocorrelation and the blue line is the fitting according to a pure diffusion model (see Equation 2-
3.18). From the fit we can determine the diffusion time and the average number (N,,.) of the diffusing
particle in the respective confocal volume (and by this the molar concentration,).

The first model we deal with is the pure translational diffusion. This model suggests a
diffusing particle with a constant fluorophore intensity and is given by the following

Equation (54,55):

G<r>=iG,-<0)(l+§j (1+ 2 ] 2315

2
T.K

% . _<N>
T SN TN, 2-3.16

o

here N, is Avogadro’s number, <N> is the temporal averaged mean number of particles
in detection volume ¥ and 7 is the diffusion time of the i™ species (for example due to
different sizes). During the diffusion it may be probable, that further dynamical
processes take place, such like conformational dynamics within the biomolecule. In this

case we can use the following fitting model (56,57):
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DY) e
G(r)=| 1+ A" [1+LJ (1+ ¢ 2} 2-3.17

<N> Th T, K
_ 2
AC:M and = 2o 2-3.18
(1+ KQ) A

where Q is the ratio between the quantum yields of state 1 and of state 2, fc is a
stretched exponent parameter and K is the equilibrium parameter. In addition
intersystem crossing may take place which can lead to temporal dark states. In this

particular case the model will be (58,59):

T

s gofie e )
G(r)=|1-4,,+A4,e " > .G 0)1+— 1+T ; 2-3.19

i=1 Tp,

Here 4,, is the amplitude of the dark (triplet) fraction of molecules, 7, is the life time
of the triplet state, 7, is the diffusion time of the i” species. In this case the average
number of diffusing particles will be:

1

N>=—#4—#¥¥— -
TGO 4,) #3220

All the previous models are valid for particle diffusion in 3D. In the case of detection

volumes with much larger Z- dimensions as compared to the X- and Y- dimensions (k >

5) one can employ in a good approximation a 2D diffusion model. Hence one can write

1+ —

2
the previous models by eliminating the term[ 7, KZJ , in this case for example

Equation 2-3.19 will be (58,59):

T

-t n -1
G(r)=|1- Atrp + Atrpe{ TW] zGi (O)(l - TiJ 2-3.21

i=1 i
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To obtain structural information from the diffusing particles (in our case proteins) we
relate the diffusion coefficient to parameters characterizing the size and the structure of
proteins. From the Stokes-Einstein equation we obtain this relation between the
molecular size and the diffusion coefficient:

— kBT
6 Tn R,

2-3.22
In this equation k, is Boltzmann constant, 7" is the temperature in Kelvin, # is the

viscosity of the medium, and R, is the hydrodynamic radius of a spherical diffusing
particle. From R, we obtain the molecular mass M,, with the specific volume v as

follows (3):

1
R, = [3va T 2-3.23

From Equations 2-3.22 and 2-3.23 we get:

D= k,T \ 4r

= 2-3.24
6rn \3M,v

Equation 2-3.24 gives the relation between the diffusion coefficient and the molecular
mass. In some cases we have to study the chemical induced unfolding of proteins using
guanidine hydrochloride (GdnHCI). In this particular case high concentrations (up to
6M) of such chemical substances will affect the viscosity and the refractive index of the
buffer solution (6/). So we have to consider these effects on the optical properties of the
confocal detection volume. We can rewrite Equations 2-3.13 using the ratio x as given

in Equations 2-3.16 and 2-3.18 in the following way:

3

V=rmak 2-3.25

While the relation between the lag time 7 and the lateral diffusion coefficient D is given
by (60):

@) =4D7 2-3.26
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From Equations 2-3.28 and 2-3.29 we obtain:

3 3

V =n4D 1)’k 2-3.27

Using Equation 2-3.22 and Equation 2-3.27 the result will be:

3

3 3

P N7 A 2-3.28
6 Tn R,

In Figure 2-3.4 we can see this dependence, namely the effect of changes in the

refractive index and the corresponding diffusion coefficients.
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Figure 2-3.4: The dependence of the diffusion coefficient and the apparent concentration on the
refractive index of the sample. It is clear that as the concentration increased the diffusion coefficient
decreased. The auto-correlation curves show the changes in the confocal volume during the increase
of the concentration (see corresponding auto-correlation curves from red to the green). This figure is
adopted from Thomas Dertinger dissertation (10).

2-4 Photoinduced electron transfer (PET)
Photoinduced electron transfer is an important process in photosynthesis and in

other organic reactions. It also plays a role as a reporter for detecting conformational
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dynamics in biological molecules (62,63). Furthermore, PET is widely used in DNA
studies and sequence analysis (64). Photoinduced electron transfer is a process which
can occur in two different scenarios (63,66). First the fluorophore is excited by
absorbing a photon. (a) In the case of an “electron-rich” donor the electron is transferred
from an electron donating molecule (D, the quencher) to an electron accepting molecule
(A, the fluorophore). This process called also reductive electron transfer (as shown in
Figure 2-4.1 a). (b) If the quencher molecule is “electron-poor” then an electron is
transferred from the donor to the acceptor ground state. This process called oxidative

electron transfer (as shown in Figure 2-4.1 b).
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ES
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Figure 2-4.1: Schematic diagram illustrating the electron transfer in both mechanisms for acceptor
excitation, a) reduction, b) oxidative.

In general one has not always to excite the electron acceptor, but in some molecule
systems the fluorophore acts as an electron donor (67). Since in both cases the
fluorescence is always discarded, PET is also regarded as quenching process (68). PET

can happen transiently through intermolecular collisions (dynamical quenching) or can
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occur during molecular complexes formation. This complex is often stable for multiple
excitation-emission cycles (static quenching) (69). Fluorophore quenching due to PET
can take place in solids or in liquids. Since our interest is in studying protein
conformations, I will discuss the relevant mechanisms for liquid state samples only. As
shown in Figure 2-4.2 at first due to the Brownian motion the acceptor could move
towards the donor molecule, meanwhile it fluoresces. When the distance becomes very
short (fractions of nanometer) a complex can be formed. In our case of an Atto655
labeled protein with tryptophan residues in the vicinity of the fluorophore, tryptophan
quenches the Atto655 fluorescence and the complex formation of both is regarded as

reductive electron transfer (69-71).
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Figure 2-4.2: Schematic diagram illustrating the PET process the curved arrows include an electron
transfer.

T

During the complex formation hybridization takes place between both the levels of
molecules. As a result of this hybridization an electron is transferred from the donor to
the acceptor ground state, forming a radical cation and an anion (72,73). After some
time the complex is dissociating and an electron is transferred back to the donor. In
some cases exciplex emission is observed. As a consequence of these processes the
fluorescence intensity, and in the case of dynamic quenching also the fluorescence

lifetimes, are decreases.
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Forster resonance energy transfer (FRET) and PET are two methods measuring the
change of the fluorescence intensity. The change in fluorescence intensity takes place
due to the presence of another molecule according to inter-distance changing. Whereas
FRET takes place between a donor (D) molecule to an acceptor (A) molecule (see
section 2-1.1 part d). The working distance for FRET depends on the value of the
Forster radius R, which is normally in the range of a few nanometers. On the other hand
PET requires contact formation for efficient quenching with a separation between D and
A on the range of fractions of nanometer length scale. So, PET is a method to measure

structural fluctuations with much small amplitudes of motion.

2-5 Anisotropy

When polarized light hits a fluorescent molecule the resulting emitted fluorescence
will be also polarized. The rotation of the plane of polarization is a valuable reporter of
the fluorophore rotation. If a fixed molecule is excited with polarized light we have a
polarized emitted light. In case of a rotational diffusing molecule emitted photons will

be in different planes, as shown in Figure 2-5.1.
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Figure 2-5.1: Effects of polarized excitation and of rotational diffusion on the polarization of the
emitted light (3). The black line is the direction of the light propagation, while the red, the green, and
the blue lines represent the oscillation direction of the electric field of the unpolarized wave, the
polarized emitted wave, and the excitation wave, respectively.
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Hence the term fluorescence anisotropy is defined in a way that it assigns the rotational
diffusion of a molecule to the polarization of fluorescence photons.

Anisotropy measurements with fluorescently labeled proteins typically provide
information on the size and on the shape of proteins (3,74-76). They can give the
average angular displacement of the fluorophore which occurs in the time between the
absorption and the fluorescence emission. The measured angular displacement is
depending on the rate of the rotational diffusion during the excited state lifetime. The

environment viscosity also affects the rotational diffusion.

2-5.1 How to measure the anisotropy
As shown in Figure 2-5.2, if we have a vertical polarized beam with intensity I,

adopted with a polarizer which excites the fluorophores in the sample.

Iy

o e |

Polarizer

Figure 2-5.2: Schematic diagram for measurement of fluorescence.

The emitted light may have an altered polarization with respect to the excitation. The
anisotropy » will be given by (3) :

]VV _]VH
1, +21,, 2-5.1

One can rewrite the anisotropy in terms of the rotation angle between absorbed and
emitted photon wave. Here (6) is the angle of the emission dipole relative to the z-axis

(we assumed that the excitation wave electric vector is parallel to the z-axis as in Figure
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2-5.2). For freely rotating fluorophores and considering the photoselection we obtain for
the fundamental anisotropy in the absence of any other depolarizing processes:
g[3cosz(ﬂ)—lj 2-5.2
5 2
Here £ is the angle between the absorption and emission transitions. From this equation
one can calculate the limits of the anisotropy. For freely rotating fluorophores we have a
complete loss of anisotropy (» = 0) with a corresponding f = 54.7° (3). Furthermore, r,
will have maximum value if cos’f is 1. This occurs for fixed fluorophores i.e. # = 0°.
Hence the fundamental anisotropy will be 0.4. Due to the fact that the detection
efficiency is practically slightly different in both detection channels, we have to correct
for this. In the case of vertically polarized excitation we will have Iy (parallel) and Iy
(perpendicular) emitted intensity. These intensities will be corrected for different

sensitivities of both channels Sy and Sy by:

~

w _Svly :G]i 2-53
I VH S H I L I L

Here the G factor is easily measured using horizontally polarized excitation. With

horizontally polarized excitation the excitation direction is perpendicular to both

observation directions. When this is done both the horizontally and vertically polarized

components must be equal. Hence the G factor can be calculated by:

Gl 2-54
HH
and the anisotropy will be rewritten according to the previous relation as follow:
_tw =G Ly 2-5.5

1, +2G I,

While the previous setup shown in Figure 2-5.2 is called L-format, there is another setup

called T-format shown in Figure 2-5.3.
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Figure 2-5.3:Schematic illustration of the T-format setup for anisotropy measurements (3).

In the T-format setup we do not have only one detection channel, but we have two
detection channels. One channel detects the parallel beam and the second one is
detecting the perpendicular beam. Because of the presence of these two channels every
channel will have its own G-factor so we will have G/, for the parallel channel and G,

for the second channel. In this case we define a new factor, R-factor.

1 *1 1

Hence we can divide both Ry and Ry producing the ratio R

R="VYL="4L 2-5.7
1

Using Equations 2-5.3 and 2-5.4 one can get the following equation

r= ]///]L_]

1,1, +2 2-5.8

2-5.2 Effects of rotational diffusion on the anisotropy

A major reason for the fluorescence depolarization is the rotational diffusion of
the fluorophore. The anisotropy is not only due to the dye rotation but also a
combination of dye rotation and part of the whole molecule rotation (dye attached to the

molecule of interest). If the fundamental anisotropy of a dye is r, and the measured
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(apparent) anisotropy is 7, the depolarization by rotational diffusion of spherical rotors

can be described by the Perrin equation (3,77,78):

r=r, (1 + l} 259
TC

where 71s the decay life time of the fluorophore, and 7, is the rotational correlation time
of the molecule. Here 7, is also a function of the medium viscosity #, the temperature T

in Kelvin units, and the volume of the rotating unit V' (79):

T, _nr 2-5.10
RT

where R is the gas constant.

2-5.3 Time dependent anisotropy

In the previous section I discussed mainly steady-state fluorescence anisotropy.
Steady state anisotropy is measured during continuous illumination and reveals a time
averaged value of the anisotropy decay (often called r,). In addition to this value one
can obtain more detailed information from the anisotropy decays. By comparing the
measured decay with the decays calculated from different molecular models we get
information about the size, the shape, and some times about the internal flexibility of the
measured molecules (80). Time resolved anisotropy decays are typically measured with

pulsed excitation. According to Equation 2-5.8 the time dependent anisotropy is given

by:

r(t) = L,(t) —1,(t) 2.511
1,(t) +21,(t)

Depending on the molecule measured, the anisotropy decay can be more complex if the
fluorophore is not spherical or if the fluorophore environment limits its mobility. In the
case of non-spherical molecules we will have multiple correlation times and the decay
will be described by a multi exponential decay. Hence the anisotropy decay for

anisotropic rotors is be given by:
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t

r()=3r0) e 2-5.12
i=1

Here 7,; is the i component of the rotational correlation time and r,0) is the ith
component of the zero time anisotropy. “There may be as many as five exponential
terms for an asymmetric body, but in practice only three correlation times are expected
to be distinguishable” (Joseph R.Lakowitz, (81)). In the case of anisotropic media we
will get also complex decays. For example in the case of fluorophores attached to
proteins, the fluorophore will not be able to perform a complete free rotation. The
rotation of this dye will be limited in three dimensions (i.e. spherical rotor). This kind of
motion can be described as a motion inside a cone with head angle . The anisotropy in
this case will be limited and the decay will not go exponentially to zero, (hindered

rotor). It is described by:

t

r)=(r0)=r)e ™ +r 2-5.13

where 7., is the limited anisotropy. To derive reasonable parameters from the anisotropy
decays (see Equation 2-5.13) one has to consider the instrument response function
(IRF). This can be done either by a deconvolution procedure or in the case of a rather
narrow IRFs (see red line in Fig. 2-5.4), simply by applying a so-called tail fit. For our
purposes it was sufficient to apply tail-fits, see Figure 2-5.4.

20000 +

15000

10000

Intensity (counts)

5000 +

Time (s)
Figure 2-5.4: The instrument response function (measured with a solely scattering sample) for one of
the detectors (the red curve) and the fluorescence life time decay of the Atto655 (green curve) is
shown here. The tail fitting is represented by dashed blue line (hidden behind the green line). All data
was measured with laser line at 640 nm.



2 Material and methods 40

2-6 Glass slide preparation for single molecule measurements

In principle we have two different kinds of samples, diffusing molecules and
surface tethered molecules. In the case of diffusing molecules we have a droplet of
buffer which contains a very low concentration (fractions of nM) of labeled protein. We
typically measured diffusing molecules in a diffraction limited detection volume (see
Section 2.3). In order to avoid unspecific binding for our molecules to the surface we
needed a surface blocking. For this purpose we can use slides covered with mPEG as
will be explained in the next section. In the literature (82,83) another method is
mentioned, where a Tween 20 solution (Polyoxyethylene-20-sorbitan monolaurate from
Carl Roth GmbH + Co. KG, Karlsruhe, Germany) is added to the buffer solution. It is
sufficient to add a concentration of 0.001% w/v of Tween 20 to our buffers, which

blocked the glass surface efficiently.

Streptavidin
biotin- PEG

o s R oo
coated glass

Figure 2-6.1: A schematic draw of a glass slide for protein tethering. The black line shows the glass
surface coated with silane (the pale blue line). The mPEG layer is bound covalently to the silane coated
surface. In addition to the mPEG we have biotin-PEG which is linked to the streptavidin molecule by a
strong linker, through one out of four binding sites. This gives an opportunity to bind any biotinylated
molecule to the glass surface.

During the whole measuring time we did not observe protein binding to the surface with
samples in the nM concentration range.

In the case of surface tethered molecules, the goal is to image single molecules on the
surface. For this purpose we have to suppress unspecific binding and to attach
specifically our molecules of interest to the surface. A first step to achieve this is to
cover the glass with an amino silane, and a blocking layer of mPEG (Figure 2-6.1). The
mPEG layer ensures an efficient blocking of the surface against any unspecific binding.
For the specific binding we employed streptavidin as a linker between the biotinylated

surface and our biotinylated protein of interest.
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2-6.1 Preparing the glass slide for imaging

In order to measure surface tethered molecules in situ we have to exchange the
buffer during the measurements. One way to achieve this is employing a closed imaging
chamber system. For this purpose we used two glass slides, a large one as base slide and
a small one as a cover. The large one was covered with mPEG-SVA 50 mg/ml
(Methoxy poly (ethylene glycol) succinimidyl valerate from Laysan Bio, Inc., Al, USA)
and Biotin-PEG-SVA 5ng/ml (Laysan Bio, Inc.) for the specific binding. The small one
was covered with mPEG-SAV only, for blocking the upper surface. Afterwards we
assembled both glass slides into the imaging chamber (RC-30HV from Harvard
Apparatus, Holliston, MA, USA) as shown in Figure 2-6.2.

e
-

A
TR ( SA-30/0LY2

Figure 2-6.2: RC-30 chamber formed with a silicone gasket sandwiched between an upper and a lower
cover slide. Pre-cut 250 um thick slice gaskets forms a channel for solution exchange. The chamber base
equipped with small tubes as inlet/outlet for exchanging the buffer.

2-6.2 Protocol for slide preparation and treatment

1- First of all we have to preselect the glass slides. By checking the slides for impurities
in the glass caused by fluorescent rare earth elements, we selected only those glass
slides which did not have these impurities.

2- We used either good quality pre-cleaned glass slides and arranged the glass slides in

metal racks and washed the slides thoroughly in acetone.
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3- We treated the glass slides in a plasma cleaner (PDC-32G from Harrick Plasma, New
York, USA), hence Poly ethylene oxide (PEO) surfaces can be formed later (84).
Afterwards we washed the slides another time in acetone.

4- We prepared the amino silane solution (from Vector laboratories Inc., CA, USA) by
adding the complete content of a vectabond bottle (7m/) to 350 ml of acetone.

5- Immersing the slides in the vectabond solution for 5 minutes. Then washing with
deionized water, afterwards the slides must be dried.

6- Preparation of mPEG-SVA solution with a concentration of 50mg/ml in Na,CO; 50
mM, pH 8, immerse the slides in the mPEG-SVA solution and incubate the slides with
the solution for 3 hours.

7- Preparation of a mPEG-SAV (50mg/ml)-Biotin-PEG (5ng/ml) solution in Na,COs at
pH 8. Immerse the slides in the solution and incubate the slides for 3 hours.

In both cases (6) and (7) we have to drain carefully the excess solution after 3 hours, and
return the slides to the racks, washing them in deionized water, and put them in 37°C to
dry.

8- Mounting the chamber as shown in Figure 2-6.2, using a cover slide with mPEG only
(the upper one) and with biotin-PEG for the lower one. For tethering the molecules to
the glass we used the biotin-streptavidin binding assay. So we added streptavidin (from
Invitrogen GmbH, Darmstadt, Germany) to the biotinylated glass slide by injecting a
streptavidin solution (with concentration 2ug/ml) into the chamber through the tubes,

using a syringe or special micro pipette tips.

2-7 Proteins and labeling

In most of our studies we investigated fluorescently labeled proteins. In particular
the following enzymes were studied in the present work: PGK (Phosphoglycerate
kinase from baker yeast), BLA (a-Amylase from Bacillus licheniformis), PPA (a-
Amylase from hog pancreas), and TAKA (a-Amylase from Aspergillus oryzae). For our
studies we purchased the proteins as powders (from SIGMA ALDRICH, Steinheim,
Germany). These proteins were dissolved in a native buffer of /0mM MOPS + 50mM
NaCl + 2mM EDTA (pH 7.4). The proteins were purified by employing size exclusion
chromatography using a PD10 column (Sephadex G-25 matrix from GE Healthcare
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Bio-sciences, Miinchen, Germany). The protein concentrations were determined
employing the Beer—Lambert-Bouguer law (85). According to this law, molecules in
the solution will absorb photons of an incident beam with an intensity /, at a

wavelength A4 . The transmitted photon beam intensity (/) will be:

I(A)=1e " 2-7.1

Here d is the cuvette thickness in cm, & is the molar absorption coefficient of the
absorbing molecule in Mem™, and C is the molecule concentration in M. In (I,/]) is the

absorbance (4) which is also called optical density (OD) with:
A=C-d-¢ 2-7.2

We measured the absorption using a UV-VIS recording spectrophotometer (UV-
2401PC from SHIMADZU, Duisburg, Germany). The molar absorption coefficients
for our proteins are shown in Table 2-7.1. Afterwards we kept the proteins at -20 °C for

short time storing, and at -80 °C for long time storing.

Protein PGK BLA TAKA PPA
Molar absorption
coefficient at 280nm 21,430 139,690 118,650 125,820
M em™]

Table 2-7.1: Molar absorption coefficients of proteins under investigation.

Most proteins carry fluorescent amino acids, like tryptophans, tyrosines and
phenylalanines. But the fluorescence from these residues is rather weak. For our purpose
(single molecule detection) we have to attach fluorescent dyes to the proteins. In our
case we bound the dyes to the proteins via lysine residues, which required NHS-ester
functionalized dyes for labeling (Alexa 647-NHS from Invitrogen, Darmstadt,
Germany, and Atto 655-NHS from ATTO-TEC GmbH, Siegen, Germany). For the
labeling process we have to exchange the protein native buffer to a labeling buffer
(100mM Na,COs + NaCl 500mM, pH8.3). Although our proteins exhibit many possible
lysine residues accessible for binding the dye, the aim here was to obtain a majority of

single labeled proteins. In a good approximation this labeling process follows Poisson
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statistics (86). If u is the ensemble labeling ratio (the average number of dyes per
protein), the probability of finding a protein with N dyes is:

N
.
PN pu)="re” 2-7.3

By calculating the Poisson probability for different values of label ratios between 1 and
0.1, we can determine which value will correspond, to give a predominantly single
labeled protein fraction. The results of some of these calculations are shown in Figure 2-
7.2. From this figure we can see that, in case of a label ratio 1 we have 18% of double
labeled and 6% of triple labeled proteins. In the case of labeling ratio 0.8 we have about
14% of double labeled and about 4% of triple labeled proteins. But for 0.6 we have a
probability of double labeled ones which is 9.9% and approximately 33% for single
labeled proteins, this means from the labeled proteins we have more than 71% of single
labeled proteins. In the case of lower ratios, as 0.4 and 0.2 we found (data not shown)
that, the probability of more than one dye per protein is even less. But also the
probability of no labels is very high; it went to 80% in the case of labeling ratio 0.2 dyes
per protein. This might be a good result, but on the other hand during the diffusion
measurements, there are a high number of proteins, which could not be detected
(unlabeled). Possibly this will increase the chance of protein aggregation and this may
affect the apparent diffusion coefficient. In order to get a dominant fraction of single
labeled proteins we used conditions with 0.6 dyes per protein. To achieve this labeling
ratio we varied the labeling conditions in terms of dye excess and of incubation time.
The final and optimal conditions are listed in the Table 2-7.1. After the incubation time,
we have to purify the protein from the free dye and to exchange the labeling buffer back
to the native buffer. For this purpose we used again the PDI10 column. From the FCS
measurement results we know that this was not sufficient to purify the protein.

Therefore we employed a longer column, which was prepared in the following way:

a) Incubate Sephadex 25 powder under vacuum in 150mM of NaCl solution for 4

hours. Hence the powder becomes a gel.

b) Put the gel into the long clean column until the gel fills up to 25cm of the column.
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c) Exchange the salt buffer by pure water, and eliminate air bubbles. Now the column

is ready for purification, after we have to exchange the water by the native buffer.

Protein PGK BLA TAKA PPA
Dye excess (times) 3 5 3 5
Incubation time (h) 1 3 3 1
Table 2-7.1: Labeling conditions for PGK, BLA, PPA and TAKA. The labeling process always took place
in 25 °C.
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Figure 2-7.2: Poisson distribution of the number of dyes per protein in the case of different average

label ratios.
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Directly after the incubation time, the solution was applied to the column, and fractions

of Iml were eluted. One example of an elution profiles is shown in Figure 2-7.3.
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Figure 2-7.3: The elution profile of the BLA labeled with Atto655, absorption measured at A= 650nm
shows two peaks, the first is the protein fraction and the seconded is the free dye fraction. The
considered values for O.D. >0.1 are related to fractions from 8 to 10 (protein). The fractions after 10
are contaminated with free dye or contain free dye only which is confirmed by autocorrelation
measurements.
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Figure 2-7.4: Absorption spectra of tryptophan in PGK protein (red curve) and of free Atto 655 (black
curve). This spectral overlap below 300nm makes it difficult to determine the concentration of the
protein if it is labeled with Atto 655.

We could not determine the tryptophan concentration with absorption measurements in

the presence of the dye, since the tryptophan absorption peak overlapped with the
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absorption peak of Atto655 as shown in Figure 2-7.4. The same holds for Alexa647

(data not shown). For this reason we measured the tryptophan fluorescence of the

protein to calculate the protein concentration by using a RF-1501

spectrophotometer (from SHIMADZU). To determine the protein concentration we

employed calibration curves as shown in Figure 2-7.5, measured with known protein

concentrations the required protein concentration of labeled protein can be determined

by measuring its tryptophan fluorescence and by calculating the concentration by using

the calibrations.
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Figure 2-7.4: The calibration curves for the emission of unlabeled PGK, BLA, PPA and TAKA. The
black squares are the measured emission intensities at known protein concentration, while the red
lines represent the fitting result. All samples were excited at 280nm.

To determine the dye concentration we simply measured the absorption and applied

Equation 2-7.1. Knowing both concentrations, we were able to calculate the labeling

ratio.

fluoro-
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3 Results and discussion

3-1 Setting up the microscopes for our single molecule measurements
In order to achieve a high sensitivity in our single molecule measurements, we have
to choose suitable sets of filters for the used dyes and we have to perform a few

calibrations with both setups, the wide field and the confocal microscope.

3-1.1 Selection of filters and dichroic mirrors for single and dual color imaging
One has to select dichroic mirrors and filters in a way that the fit to the emission

and the absorption spectra of the dyes. An example of this choice is shown in Figure 3-
1.1.
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Figure 3-1.1: a) Spectral overlay of the filters and dichroic mirror spectra on an Atto655- GFP pair.
According to the spectrum of the dichroic mirrors XF2046 400-485-558-6400BDR (gray line), we can
see that the excitation laser lines at 488 nm (the straight blue line) and at 635nm (the straight red line)
are good reflected by the multiband dichroic mirror. The excitation lines fit well into the absorption
spectra near to the peak, and the emission filters XF3034 690DF40 (blue line), and XF3003 520DF40
(magenta line), cover the respective emission spectra of GFP (green dashed line) and of Atto655 (wine
dashed line). The absorption of GFP (green solid line) and of Atto655 (wine solid line) is shown as well.
We can separate the emitted fluorescence using a dichroic mirror 600 DCXR (the dark grey line as in

the confocal microscope), or using b) a custom made wedged mirror (as in wide field microscope see
Figure 2-2.3).
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In this example we want to image surface tethered Atto 655 labeled ribosomes, which
synthesize the green fluorescence protein (GFP). In this particular case we are dealing
with two emission channels, one is the green channel (for the GFP) and the other one is
for the red emission of the ribosomes (more details, see Section 3-2). A further
important issue is to avoid inelastic Raman scattering, which was also considered by the
choice of our emission filters. It is known from the literature (and was also checked by
test measurement, data not shown) that the Raman peak becomes weak at excitation
wavelengths above 590nm. For this reasons we considered only 470 (488) nm and 532
nm excitation and made sure not to collect light between 570-605 nm (see Fig. 3-1.1)
and between 640-670 nm (Fig. 3-1.2), respectively.

In other measurements a BODIPY TMR was incorporated to the synthesized protein,
which was accomplished by changing the blue filter to a green one, as shown in Figure

3-1.2.
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Figure 3-1.2: a) Spectral overlay of the filters and dichroic mirror spectra on an Alexa633- BODIPY
TMR pair. According to the spectrum of the dichroics mirror XF2055 400-535-653TBDR (gray line), we
can see that the excitation laser lines at 532 nm (the straight green line) and at 635nm (the straight red
line) are good reflected by the multiband dichroic mirror. The excitation lines fit well into the absorption
spectra near to the peak, and the emission filters XF3034 690DF40 (magenta line), and XF3003
590DF35 (blue line), cover the respective emission spectra of BODIPY TMR (green dashed line) and of
Alexa 633 (wine dashed line). The absorption of BODIPY TMR (green solid line) and of Alexa 633 (wine
solide line) is shown as well. We can separate the emitted fluorescence using a dichroic mirror 600
DCXR (not shown, as in the confocal microscope) and for wide filed we used another wedged mirror
(spectra not shown,).



3 Results and discussion 56

In various other cases we have to measure only one fluorophore, here we either used
only one filter and single band dichroic mirror, or we used the same setup for two colors
and considered the photons from only one channel. In some of these experiments we

studied proteins labeled with Alexa488 or with Atto655 see Figure 3-1.3.
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Figure 3-1.3: The same spectral overlay as shown in Figures 3-1.1 and 3-1.2, but for a Atto655-
Alexa488 pair. The Dichroic mirror FTIC/CYS5 from Chroma Technology Corp, Vermont, USA (gray
line), with an excitation laser line 470nm (the straight navy line) and 635nm (the straight red line), the
emission filters are HQ 690/70 from Chroma (magenta line), and FF101-520/35 from Semrock-IDEX
Corporation, llinois, USA (blue line). Also it shows the emission spectra of Alexa 488 (green dashed
line) and Atto655 (wine dashed line).The absorption of Alexa488 (green solid line) and Atto655 (wine
solid line). Like before we separate the emission fluorescence using a dichroic mirror 600 DCXR (black
line).

3-1.2 Calibrations for the wide field microscope

A first important check of the setup is to verify that all optical elements are well
aligned, that we do not have spectral or image overlap between both detection channels.
For this purpose we employed a stage ruler slide (from Carl Zeiss Microlmaging GmbH,
Gottingen). The stage ruler is a transparent slide divided as a ruler with a 10 mm scale,
as shown in Figure 3-1.4a. The ruler was used to determine and to verify the total
magnification of microscope setup. As shown in Figure 3-1.4b we took an image (some
times it is better to crop the image to show only the required window in this case we
crop an area around 250%250 pixels) with the stage ruler slide to see if the wedged
dichroic mirror is well aligned in our setup. A further important issue related to the use
of the stage ruler slide is to calibrate the physical dimensions (x and y) of the respective

detection areas of the CCD camera. As already shown in Fig. 2-2.3 the wavelength
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separation is accomplished by the wedged dichroic mirrors where the upper surface
reflects the shorter wavelengths and the longer wavelengths are reflected by the lower
surface. If the wedged dichroic mirror is aligned correctly we have two cases:

1- Vertical alignment of the detection channels: Here the red channel image will be the
upper one and the blue/green channel image will be the lower one.

2- Horizontal alignment of the detection channels: In this case it was always assured that
the red channel appeared on the left and the green/blue channel on the right side.

As shown in Figure 3-1.4 the detection channels are well separated geometrically
(spatially). In a next step the wavelength separation of the respective images was
checked. For this purpose we measured fluorescent microspheres beads (from Invitrogen
GmbH, Darmstadt, Germany). For the red channel we used the dark red beads which are
efficiently excited with a the 635 nm laser line and fluorescence appeared in the regime

from 650 to 750 nm (57).

Qmm

| S

Figure 3-1.4: a) the stage ruler. b) The vertical and horizontal images of the stage ruler slide. From the
images we can see that there is no spatial overlap between the channels (upper one from red color and
the lower one from blue/green color).
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For the blue channels we employed yellow-green fluorescent fluospheres beads which
are excited efficiently using the 488 nm line and they fluoresce between 500 and 600
nm (57). For the green channel we used orange fluorescent microspheres beads which
can be excited at 532 nm and show fluorescence in the regime from 500 to 650 nm
(2,49,57). In Figure 3-1.5 we can see an example of the images from the beads which
confirm the spectral separation of both channels. Now we are in a situation that the
microscope, the excitation pathway, and the image formation pathway are well aligned.
In a next step we have to check our sample protocols of preparation and the sample

environment.

Figure 3-1.5: Fluorescent images of microspheres beads for a) the yellow green beads b) and the dark
red beads. From the images a) and b) it is clear that no spots appear in the second channel which
confirms the spectral separation of our setup.

For single molecule imaging sensitivity we need cover glass slides, which exhibit as
little as possible impurities. Therefore we have to check the glass slides for auto-
fluorescent impurities, which typically show up as individual intensity spots (Figure 3-
1.6a,b). Every glass slide box included approximately 100 slides, therefore I took a few
representative slides from every box and checked them for all laser lines we used. A
good glass slide must show a homogenous image (Figure 3-1.6¢c, d). I found that

approximately 90% of the glass slides had auto-fluorescent impurities.

A final important issue was to check whether we are able to image individual surface
tethered single molecules. For this purpose we used labeled streptavidin (from
Invitrogen) either with a red dye (Alexa633) or with a blue dye (Alexa488). I performed

photo-bleaching measurements with tethered and dye labeled streptavidin. Following
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the bleaching histogram of an individual spot we can conclude whether we imaged a

single molecule or not.

-
Figure 3-1.6: In this figure we can see images of a contaminated glass slide illuminated with a) 635 nm.
b) 488 nm, and of an uncontaminated glass slide illuminated with c) 635 nm. d) 488 nm.

If the bleaching occurs in single step we are observing a single molecule. An example of
this kind of measurements is shown in Figure 3-1.7. In the dual color imaging we have
to measure the red and the blue/green channel simultaneously to verify the co-
localization of two molecules. For this purpose some technical procedures are required
to overlay both channels. As a result of a difference in the light path between the red and
the blue/green beams after the tube lens (see Figure 2-2.4), the image channels became
different in size and thereby different in the magnification.

Here I will describe the steps of cropping, resizing, and overlying the channels. For this

particular case we used a stage ruler slide as follows:

1- Check the size and the position of every channel image with the stage ruler slide;

In this step I made an image of the stage ruler slide in the transmission
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illumination mode using an arc lamp to determine the size and position of every

channel as shown in Figure 3-1.8.
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Figure 3-1.7: Photo-bleaching measurement for a streptavidin labeled with Alexa633. A time series of
measurement performed with an excitation wavelength of 635nm and an exposer time of 2s for every
frame. The images were treated with FFT band pass filter. a) Shows the image after treatment. The
intensity of an area of 2x2 pixels was integrated for every spot at consecutive time steps. b) Shows
single step decay indicating a single molecule, while c) shows single molecule, but in blinking state. d)
Shows a two step decay, which indicates that we have imaged two molecules at the same time.
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Figure 3-1.8: Images of the stage ruler slide, in a) horizontal and b) vertical orientation. The right
channel displays red light and the left channel blue light.
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2- After sample illumination the data were read and displayed using self-written

matlab routines. The resulting images are shown in Figure 3-1.9.

1600 —1600

r 11500 L 11500

[ 1400 t 11400

[ 11300 L 11300

F 41200
£ 11200

1100
1100

1000
1000

Figure 3-1.9: Images of surface tethered ribosomes the red channel (rvight image) and TMR the green
channel (left image).

3- Cut (crop) the two channel images from the surrounding as shown in Figure 3-

1.10 considering the channel dimensions as known from step one.
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Figure 3-1.10: The left and right cropped images of images shown in Figure 3-1.9. The image size is
250 by 250 pixels. According to the wide field setup every pixel of the image corresponds to 0.156um
% 0.156 um in real space (in case of camera binning 2x2).
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4- Bringing both images to equal size.

5- A fast Fourier transformation (FFT) band pass filter is applied to flatten the
background and to make fluorescence intensity spots easier to identify (72).
Originally our CCD camera delivers images with a 14 bit depth if we divide the
sensor area to 512 by 512 pixels (2x2 binning). This means that the resulting
images experienced a conversion of incoming photon counts into 2'* (16384)
different intensities (gray values) for each pixel. Typically further analysis
included peak identification and peak intensity integration using integration
masks for individual peaks of 2x2 pixels area sizes (larger peak structures have
been excluded). In a similar way we can calculate the background surrounding

every spot, an example of this treatment shown in Figure 3-1.11.

Figure 3-1.11: An example for a) untreated image, b) treated image (background
subtraction and FFT band pass filtering).

6- For the co-localization purposes we converted the original images into 8 bit
images and transformed the converted images into 3D matrix with RGB color
mapping in the following order: the red channel, blue/green channel, and the
sum of both. The resultant will be the overlay of both images. An example of

this process is shown in Figure 3-1.12.
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Figure 3-1.12: Examples from the overlaid images. For testing we overlaid a) the vertically oriented
stage ruler slide, b) the horizontally oriented stage ruler slide (the ruler slide illuminated in
transmission). c¢) Ribosomes labeled with Alexa 633. d) Synthesized protein labeled with BODIPY
TMR. e) The overlaid images. The yellow spots refer to co-localized ribosomes and synthesized
protein. The red spots represent ribosomes which have no co-localized BODIPY TMR. The green
spots refer to the TMR which are not localized with ribosomes.

3-1.3 Calibrations for the confocal microscope

One goal of our studies was to analyze the structure in proteins in different folding
states, by applying the FCS technique. For this purpose we employed a confocal
microscope MicroTime 200 (from PicoQuant GmbH, Berlin, Germany). We measured
the properties of the proteins by attaching dyes to the protein. In auto-correlation
measurements we measured the particle diffusion through a confocal detection volume
(for more details see Section 2-3). From measuring the diffusion time and the detection
volume, as well as other parameters, one can calculate the diffusion coefficient and
thereby the hydrodynamic radius (see Equation 3-1.2). The importance of the
hydrodynamic radius is given by the fact that it is characterizing the size and thereby the
folding state of the diffusing protein. In contrast to the diffusion coefficient the diffusion
time is dependent on the detection volume. Hence if we know the detection volume

(theoretically called confocal volume) and the diffusion time one can use the auto-
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correlation equation (see Section 2-3) to calculate the proteins diffusion coefficient. So
we performed calibration measurements to obtain the appropriate confocal volumes by
using free dyes with known diffusion coefficient under the same conditions at which we
measured the proteins.

The confocal volume is an opto-geometrical parameter strongly affected by the optical
setup (pinhole size see section 2-3 and (59)). In addition to the pinhole size there are
other parameters, such as the excitation power, the refractive index of the sample, the
excitation wavelength, and the cover slide thickness which have to be considered
(18,19,50,65). Typically in FCS measurements the sample concentration is very small (a
few or fractions of nanomolar) and the optical and physical properties of the buffer
solution is more less that of pure water.

But at high concentrations of ingredients in the buffer, such like GdnHCI, the viscosity
and the refractive index will change. To correct for these effects we first measured free
dyes with known diffusion properties. By measuring the auto-correlation of the free dye
(an example is shown in Figure 3-1.13) we obtain the “real” value of the confocal
detection volume and consider this value in the fitting model in order to get the correct
value of the diffusion coefficient. Hence we can also use this volume for fitting the auto-

correlation curves of the labeled proteins.
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Figure 3-1.14: Auto-correlation curve (green line) of free diffusing Atto655. It is known from the
optical setup that x is in between 3 and 6 and Vyyis in between I and 3 femtoliter (fl). By adapting the

xvalue and Vg we will get the fitting curve (black line) which gives the value of D, equal to the known
value of Atto655 diffusion.

In general when time traces are measured with our single avalanche photo diodes a fast

process (in the time regime of a few hundred ns) is visible in the auto-correlation, which
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is called after-pulsing, as shown in Figure 3-1.14a. This after-pulsing creates additional

artificial counts due to a feedback from the photon detector (74).
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Figure 3-1.14: a) Auto-correlation curve for diffusing Atto 655. b) The removal of after-pulsing
using the cross correlation.

To circumvent problems arising from these artifacts, we employed a 50/50 beam splitter
dividing the signal and cross-correlated both channels (which is effectively still the

auto-correlation of the original time trace, see Figure 3-1.14b).

We had also to deal with cases of dyes with unknown diffusion coefficient for which we
employed another approach to determine the confocal volume. It is known from the
literature that the detection volume in practice does not have a perfect uniform 3D-
Gaussian shape. While the confocal volume is always defined theoretically as a 3D-

Gaussian another notation of the effective volume (V.5) was used see for example (69):

3

1)2
I/cun = 5 V;jf 3-11
where the effective volume is given by (9,23,24):
W) 3-12
“ N,

Here N, = 6.022 %107 mol ' is the Avogadro’s number and <N> is the average number
of diffusing particles through the detection volume (effective volume). According to
Equation 3-1.2 one can plot a relation between the concentration and the average

number. From the slope we can calculate the effective volume (33,62,69):
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y,, = Slope 3-1.3

For this particular case we measured different particles and calculated the auto-
correlation curve as shown in Figure 3-1.13b. <N> can be calculated from the auto-

correlation by:

G(0) = —— 3-14

(V)
We measured the concentration of the employed dyes with an absorption-spectrometer
(UV-2401PC from SHIMADZU, Duisburg, Germany). The obtained values of the
detection volumes were employed for those cases where diffusion coefficients of the

respective dyes were unknown. An example of these measurements is shown for

Atto655 in Figure 3-1.15.
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Figure 3-1.15: Dilution series of Atto655 in 50mM Na,Coj; buffer at pH7.4. The slope equals 0.99
S . . . 0.99x102
nM " which leads to an effective volume: Vel = Tom c1023 = L6

Another topic is the molecular brightness which gives the information of how many
photons one can get out from one molecule in a certain time. In other words the
molecular brightness defines the strength of the signal above the background
(background counts are around 1-2 kHz). With diffusing molecules it is straightforward
to obtain the molecular brightness from the time traces as measured with diffusion

particles of known concentration (obtained from G(0)), see Figure 3-1.16.
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Figure 3-1.16: Time traces of only buffer (30mM Mops, 50 mM NaCl, 2 mM EDTA, pH 7.4) excited
with 640nm and 470 nm, respectively (a, b). c) Atto655 in the same buffer with concentration of 400
PM excited with 640nm .

The molecular brightness is a meaningful property of a dye under defined excitation and
emission conditions. It is a valuable measure to select appropriate dyes for single
molecule studies and for the optimal excitation power (see Figure 3-1.17). Furthermore
the known brightness is a helpful reference to check if the optical system is misaligned.
From scanning the molecular brightness with different excitation powers one can
identify the optical saturation point of the fluorophore. Optical saturation of fluorescent
dyes may occur even at rather low excitation powers (only a few pW), as shown for the
green fluorescence protein (GFP) in Figure 3-1.17. The photophysics of one and the
same dye can already be altered upon attaching the dye to a target molecule (/8,64,65).

In Figure 3.1-17 we displayed the molecular brightness for all fluorophores as a function

of the excitation power.
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Figure 3-1.17: The molecular brightness of the used dyes as a function of the excitation power. It is
demonstrated that an increasing the excitation power increases the brightness until a saturation point
is reached and the molecular brightness stays more or less constant.

In Table 3.1.1 we summarized all diffusion coefficients and the hydrodynamic radii for
biological molecules and for dyes. Hydrodynamic radii of biological particles were also
measured by Dynamic Light Scattering (DLS) and agreed with the values from the
literature (64). One of the most important tests which we had to perform regularly was
to test the buffer for fluorescent impurities. Buffers typically represent a good medium
for the growing of microorganisms which often contain also naturally fluorescent

molecules.
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Sample Exp D (umzls) R; (nm) | mass (kDa)
Atto655 407 - 0.845
Oregon-green 488 411 - 0.493
Alexa647 343 () - 1.25(NHS)
Atto 488 369 () - 0.981(NHS)
Alexa633 348 () - 1.2(NHS)
CyS 425 - 0.887
PGK 79 3 44
BLA 74 32 58.3

Table 3-1.1: Diffusion coefficients and the related hydrodynamic radii of different dyes and of
proteins. The values are valid for a temperature of 25 °C. If not listed otherwise all the fluorophore
functional groups are maleimides. The free fluorophores are measured in water. The protein
hydrodynamic radii were measured in 30mM Mops,50 mM NaCl,2 mM EDTA, pH 7.4. (a) from
personal communication with A.Loman and assured with the dilution series method. The values of
diffusion coefficient of Atto655 and Oregon-green 488 are from (38,49,57) and for the Cy5 from(42).
The hydrodynamic radius of PGK and BLA were measured using DLS(64).

Figure 3-1.18 shows an example of a contaminated MOPS buffer. The MOPS buffer we
used for folding studies of alpha amylases and of PGK consist of 10mM MOP, 50mM
NaCl, 2mM EDTA.
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Figure 3-1.18: The time trace of a contaminated MOPS buffer.

By comparing this time trace with the time traces in Figure 3-1.16b, representing a clean

buffer, we see the difference in background counts.
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3-2 Monitoring protein synthesis and protein folding

In the last decade numerous studies have been performed on protein synthesis and
its folding. These studies showed that protein folding and synthesis can differ
substantially between de novo synthesized proteins and in vitro refolded proteins
(17,21,22). In classical folding studies, formerly folded proteins need to be transferred
into an unfolded state before the folding or refolding process can be studied. We saw in
many cases that protein folding already takes place during the elongation of the nascent
chain (co-translational folding) (68). Proteins can become fully folded and
enzymatically active while they are still bounded to the ribosome through a C-terminal
extension of about 31 amino acids, that spans the ribosomal channel (37,39,40,44).
Significant differences have been observed between folding of de novo synthesized
proteins and in-vitro refolding, with respect to folding rates, to the appearance of folding
intermediates, and to yields (/2,22,25). Therefore, one major goal is to understand how
polypeptide chain elongation and folding are coupled. For this reason we performed two
major sets of measurements. The first was to establish a kind of sample which allows us
to observe the de novo synthesis and folding of a protein, in our case of the emerald
green fluorescence protein (GFP(m)). The GFPy) has been synthesized from surface
tethered ribosomes with release suppression of the produced protein as shown in Figure
3-2.1 (more details about the surface tethering in section 2-6).
As shown in Figure 3-2.2a, we can see the structure of the GFP as published in the
protein data bank. The structure is a beta barrel (3,55) and the chromophore is located in
the center of the barrel. Figure 3-2.2b shows the excitation and the emission spectra of
the established GFP-S65T mutant. After the green fluorescence protein nascent chain
has been synthesized, it starts to fold into the native state structure in which the
chromophor is formed in steps as shown in Figure 3-2.2 c.
Hence GFP fluoresces only after the protein has been synthesized, and the chromophore
has been formed. In this case we could not follow the protein folding by using
fluorescence before the chromophore maturation. Therefore in a second approach we
aimed to incorporate a dye into the nascent chain, in order to follow the synthesis and

folding of the GFP.
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ribosomal
subunit (50 S)

Figure 3-2.1 Schematic view of surface-tethered ribosomes (only the 50S subunit is shown, PDB code:
24W4). The amino-functionalized cover slide is coated with a layer of poly (ethylene glycol) (PEG)
that is biotinylated at low concentration(7). By the use of a streptavidin —biotin binding assay,
fluorescently labeled ribosomes were linked to the surface through biotinylated ribosomal protein L4
(displayed molecules are not on scale).
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For both goals we need surface tethered ribosomes, labeled with a red dye (we used
Atto 655 or Alexa 633). For testing the functionality of the ribosomes, we let the
ribosomes produce GFP in-situ. We elongate the construction by 31 amino acids
(spanning the full ribosomal channel length). This extension ensures proper folding of
the full length GFP outside the ribosomal channel (20). In the cell the proteins are
typically released after the synthesis. In our case we suppress the release to keep the
protein attached to the ribosome.

In both cases the surface tethered ribosomes were imaged using a wide field microscope
(see section 2-1). The obtained images were processed and displayed using ImageJ
(from the National Institute for Health, Maryland, USA) and by self written Matlab

routines.

3-2.1 Biosynthesis of GFP molecules in a cell free expression system

We used ribosomes labeled with Atto655, and employed an emerald encoding
plasmid GFP. In Figure 3-2.3a we can see the original image of labeled ribosomes. A
clipping area of the ribosome image is shown in Figure 3-2.3b, while for the same area
we cut out an area from the original GFP image, as shown in Figure 3-2.3¢c. Both images
are overlaid in Figure 3-2.3d. The red spots are representing ribosomes, green spots are
correspond to de novo synthesized GFPs. The yellow spots indicate the coexistence of
single ribosomes and single GFP molecules, the later bound to their synthesizing
ribosomes. In the Figure 3-2.3d we have a lot of ribosomes which did not produce a
tethered GFP the (red spots), and therefore much less GFP molecules as compared to
ribosomes. This can happen because the reaction mix ingredients did not ensure a higher
synthesis productivity of the ribosomes. In our experiments we found that the number of
produced GFP is around 10% of the total number of ribosomes. Also from the overlay
we see that the majority of the produced GFP molecules appeared co-localized with the
ribosomes. This tells us that these single GFP molecules are produced by related single

ribosomes.
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Figure 3-2.3: Fluorescence wide-field images from single surface-tethered ribosomes. a) A cropped
area from the full screen of the red emission channel showing Atto 655-labeled ribosomes (exposure
time of two seconds). Photo bleaching measurements demonstrated that the majority of individual
peaks are related to single ribosomes. b) The red emission of ribosomes of a small selected area of
image (a). ¢) For the same area, GFP fluorescence emission is shown, which was measured in the
green channel after the transcription translation reaction had been running for 40 min at 25°C (laser
excitation at 488 nm for 2 s). d) The overlay of the red (ribosomes) and the green (GFP) channel
demonstrates that single surface-tethered ribosomes synthesized GFP molecules which become mature
(i.e. fluorescent) while bound to the ribosome.

Time resolved measurements

With respect to the GFP synthesis and protein maturation process, we performed several
measurements. I will show only a few. In the next series of measurements we prepared
the surface tethered ribosomes, and injected 50 pl from the reaction buffer to start
protein synthesis. Immediately after this we refocused the image with the red detection
channel and started a time series of imaging by using blue excitation line (488 nm) over
120 images. The injection of the reaction buffer typically defocused the system slightly.
For this particular case I employed a scheme, as shown in Flow chart 3-2.1, to take an
image every 15 seconds, with exposer time of 2 seconds for every image. An important
issue in our measurements was to achieve a proper focus stability. For testing this
procedure we measured ribosomes labeled with Atto655 and refocused with the ZDC
(more details in section 2-2.1) every 10 images. As shown in Figure 3-2.4a the intensity
of individual spots exhibited a significant decrease (after approximately five images)

which was due to focus lost.
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Looking for an area covered
good with ribosomes

A

Take an image of the ribosomes

Inject the reaction buffer; j=0

Refocus on the surface; i=1;

A4

i+t

A4

Image the GFP molecules with

Wait 13s; i=i+1

No

exposer time 2s

No

Flowchart 2-2.1: A measuring scheme realized with the Cell M sofiware (from Olympus, Hamburg
Germany) which we used for the time series imaging. Here i is the number of images in the nested
loop before the refocusing, j is the number of cycles, and i*j is the total number of images.
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Therefore we increased the frequency of refocusing (every 5 images) and obtained a

more stable focus through the measurement as shown in Figure 3-2.4b.
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Figure 3-2.4: Focus stability. The intensity counts per image for a specific spot in a time series of
measurements for: a) ribosomes labeled with Atto655. The exposer time was 2s with a pause of 13 s
after every snapshot. Refocusing frequency was every 10 images. Clearly visible is a focus drift after
about 6 images. b) BODIPY TMR with the same exposer and pause time, but the excitation was with
532nm and the refocusing was every 5 images. Here we do not have a focus drift as visible in (a). The
intensities have been calculated for an area of 2x2 pixels.

Using further matlab routines, we localized and integrated spots over an area of 2x2
pixels after we treated the images with a FFT filter. Figure 3-2.5 shows some
representative images. Passing through the whole time series, we obtained time traces of
intensity values from synthesized GFP (co-localized with a ribosome) as shown in

Figure 3-2.6.
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Figure 3-2.5: Fluorescence wide-field images from single surface-tethered ribosomes. a) The full
screen of the red emission channel showing Atto655-labeled ribosomes. b) The full screen of the blue
emission channel showing much less GFPem peaks through all the time series images.

In the most images (with an illumination time of 2 seconds) we obtained average
background counts in the order of 920 counts. According to Poisson statistics the noise

(N) or background fluctuation is given by the square root of the background counts (bc):

N =_|bc =+920~30 3-2.1

This value is nicely reproduced in the data shown in Figures 3-2.6 While the signal or

the peak intensity is typically around 90 counts the signal to noise ratio is:

—~3 3-2.2

From all measurements we extracted the appearance time of individual synthesized GFP
molecules (see Figure 3-3.6 and 3-2.7a) and displayed the distribution of the appearance

time as shown in Figure 3-2.7b.
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Figure 3-2.6: An example of integrated peak intensities (area of 2x2 pixels) are shown as a function of
time, for fluorescent GFP molecules appearing after the initiation of biosynthesis. Fluorescence of
individual GFP molecules can only be detected for a few consecutive exposures before photo-bleaching
occurs (the black line). We can also see the background level (the red line). Through all the time series
background is taken from, the surrounding pixels of the spot pixels (also an area of 2x2 pixels). a), b), c)
and d) show GFP molecules formed at different times after the initiation of the biosynthesis with rather

fast photo-bleaching.
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Figure 3-2.7 a) An example of integrated peak intensities (area of 2x2 pixels) are shown as a
function of time for fluorescent GFP molecules appearing at different times after the initiation of
biosynthesis. b) Histogram showing the number of de novo synthesized GFP molecules that appear in
consecutive time intervals. After a dead time of about 40 s, a series of exposures was taken every 15 s
at room temperature. The resulting appearance times of individual fluorescent GFP molecules,
shown in chart (a), were binned into 2.5 min time slices. The data shown originate from five
independent biosynthesis experiments. c) The time course of the total number of GFP molecules (o),
and fittings with a mono exponential (red line) and a bi-exponential curve (green line). For details of
the fitting procedure see the text.
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To our surprise, GFP fluorescence shows up rather quickly, with a significant fraction
within five minutes after initiating the polypeptide synthesis. According to the rather
limited photo-stability of GFP, we observed in most cases photo-bleaching after a few
exposures shown as in Figure 3-2.7a, and in some cases also photo blinking. The
interpretation of our result has to consider at least three consecutive sub-processes.
These processes include the polypeptide synthesis, protein folding, and chromophore
formation, as part of the whole biosynthesis. Here we did not consider the transcription
since it took place in the reaction buffer, before the sample was injected into the
imaging chamber. For fitting the data we have to use a suitable model. We first tried a

single exponential process:
N(t)=N,[1—exp(—kt)] 3-2.3

Where N, is the number of all de novo synthesized GFP molecules and £ is the rate of
GFP synthesis and maturation. Applying this model gave characteristic time constant
(1/k) for the observed process of 5.3 min as shown in Figure 3-2.7c (the red line). This
time is according to literature one of the fastest maturation times for a GFP mutant
observed to date (8,75). Since we know that our process includes more than one step, we

checked in addition an irreversible consecutive two-step process model (31,53).

k k
S ——> 85, —— S,

Applying this model on the synthesis of the GFP, we are dealing with two transitions
and their respective transfer rates (k;, k»). The first represents the polypeptide chain
synthesis and the folding process (k;), the second is referred to the chromophore
formation (k;). We have two cases, the first is k;=k,, which means that the synthesis and
folding rate equal to the chromophore formation rate. This hypothesis is not valid
because these rates are completely different due to the conditions which control the
chromophore formation (8,58,66,75). So in our case we have to use the second
hypothesis, the case of k;#k,. Hence the number of the proteins which are matured and
have a formed chromophor will be N(?) which is given by:

k,N —k,N
N =+ 2 “-exp(—kit) + ( P jka -~ Najexp(—kzt) +N, 3-2.4

1 M2 1 2
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Fitting this function to the experimental data points yields 0.1 min for //k; and 5.2 min
for 1/k;. As we see the first time component is very fast comparing to the second
component. Protein synthesis and protein folding must be rather fast (probably faster
than one minute). In a consecutive two-step process, a much longer first process for

protein folding (e.g. with 1/%, =2 min) and subsequent chromophore formation shows a

distinct deviation from the experimental data points as shown in Figure 3-2.7c (green
line) which was calculated with fixed values for //k;=2.0 min and //k,=5.3 min. Typical
maturation times of other GFP mutants of the S65T type range from 15 to 45 min,
whereas wild-type GFP shows even longer maturation times on the order of 2 h
(28,67,75). The fast chromophore formation for GFP is important for its use in kinetic

experiments in cells (56,73).

3-2.2 Attempts to establish a FRET pair to monitor co-translational folding

In the case of dye incorporation my colleague introduced additional 30-40 amino
acids in front of the GFP sequence and incorporated a BODIPY TMR linked to a lysine
by using the amber-codon (6). After these 30-40 amino acids there is a sequence of 6
histidines as shown in the schematic draw of the construction in Figure 3-2.8. Until this
step the no histidines appear in the sequence and used reaction buffer does not contain
any histidine. When the synthesis is reaching the histedines it will stop synthesizing, but

the polypeptide chain will remain at the ribosome.

Amber 30-40aa 6xHis GFPem 31aa

Figure 3-2.8: A schematic draw of the GFP construct to be used for experiments discussed in detail in
text. This construction was prepared by my colleague Dr. A. Katranidis.

This synthesized polypeptide chain with leading BODIPY-TMR labeled lysine will
expose the label at the exit of the ribosomal channel. To continue the reaction we have
to inject a reaction buffer which contains histidines. Concomitant with the injection we
started to record a time series of subsequent images. One other important issue is the

label attached to the ribosome which has to be labeled site-specifically near the tunnel
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exit to achieve FRET. We labeled our ribosomes with Alexa633 (the FRET partner of
the TMR) at the end of the ribosomal channel.

The data shown in Figure 3-2.9 represent measurement done as described before. To
analyze the images we must co-localize the peaks to verify that nascent chain which
incorporated the dye was synthesized by its respective surface tethered ribosome. The
images were treated using our routines as described in Section 3-1.2. and the resulting

overlaid images are shown in Figure 3-2.9e.

Figure 3-2.9: Fluorescence wide-field images from single surface-tethered ribosomes. a) The red
emission channel for ribosomes. b) BODIPY TMR fluorescence emission is shown, which was
measured in the green channel, after the transcription translation reaction has been running for 40
min at 25°C in a histidine free medium. For both original ribosomes and BODIPY TMR images an
area from the original image was cropped and treated as usual with our subroutines. Shown in ¢, d. e)
yellow peaks indicate the coexistence of single ribosomes and single BODIPY TMR molecules bound
to their synthesizing ribosomes.
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In this figure we can see that very little labeled polypeptide chains are co-localized with
ribosomes, which yielded yellow peaks. The non co-localized TMR (green peak) may
result either from labeled polypeptide chains produced by unlabeled ribosomes or from
aminoacyl-tRNA constructs which also carry the BODIPY TMR and may stick
unspecifically to the surface. Furthermore we cannot rule out ribosomes which are non-
functional and will not synthesize polypeptide chains. In this case we will observe only
red spots.

Results from time-series measurements in terms of integrated peak intensities as a
function of time are shown in Figure 3-2.10. In this figure we show only intensities of
the BODIPY-TMR (donor) channel, because in these particular measurements we had
problems with secondary images of the blue channel falling on the area of the red
channel (which we later solved by using more appropriate emission filters). Therefore
an analysis in terms of FRET was not possible with the data because the acceptor
channel was contaminated with donor counts. The only aspect which was analyzed with
this data is related to question whether we observe really single molecules or not. Since
the shown peak intensities drop down in one single step (Fig. 3-2.10a,b,c) we can be
sure to deal with single molecules. Furthermore we have samples of molecules which
start to fluoresce slightly retarded after the initial starting time (time zero), while we
expected to see fluorescence directly starting at the time zero. A possible explanation for
this behavior might be a quenching process of the donor at the “starting position” before
we restarted the synthesis again with histidine rich medium. In other cases we observed
a donor fluorescence appearing much later (Fig. 3-2.10d,e). Here fluorescence blinking
of the respective fluorophores is the most probable explanation for this phenomenon.
Considering our initial experimental approach with two dyes having an assumed inter-
dye distance in the order of the Forster radius of our pair (for the BODIPY-TMR
Alex633 pair R, is approximately 50 A) we cannot rule out that intensity fluctuations as
visible in all intensity traces of Fig. 3-2.10 might be due to energy transfer to the
acceptor. Only further measurements with well aligned mirrors can give us the complete
information to find out whether and to which extend FRET takes places in theses

samples.
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3-3 Observing proteins as single molecules encapsulated in surface-tethered
polymeric nanocontainer

A key technique for immobilizing proteins (water soluble) is encapsulation.
In a typical single-molecule study using a confocal microscope, the detection volume
becomes very small. As a consequence the detection time is limited by the diffusion

time which is in the range of fractions of milliseconds to a few milliseconds, according
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to the hydrodynamic radius of the diffusing particle. To achieve longer observation
times, we have to immobilize the protein. Optical trapping techniques did not give
satisfactory results on the single molecule level due to the low polarizabilities of single
molecules. One requirement for almost all single-molecules studies with immobilized
proteins is to reduce, as much as possible, interactions of the protein with the surfaces of
the enclosing cavity used for immobilization. In protein folding or during enzymatic
action cycles, perturbing protein-surface interactions might significantly alter the
polypeptide structure and dynamics. This can give rise to artifacts in the obtained results
(47). For investigating and analyzing a nanocontainer encapsulated protein, this
container must be stable, and durable throughout the chemical and physical changes. It
is known from the literature that capsules which are formed from the ABA tri-block
copolymers have this desired stability (/5,46). In addition a limiting factor for protein
folding studies is that the vesicles must be permeable to the unfolding conditions (heat
or chemicals). Fortunately the membrane of our vesicles is permeable to the GdnHCI
(60), which we were used as a chemical denaturant. The ABA co-polymer consists of a
large hydrophobic block B (PDMS, with 60 dimethylsiloxane units) and two shorter
hydrophilic blocks A (PMOXA, with 20 methyloxazoline units; ABA: PMOXA20-
PDMS60-PMOXA20).

For the polymerosome preparation we mixed a 3.6 mg of triblock copolymer with a 0.4
mg of biotinylated triblock copolymer and dissolved all of them in 1ml chloroform. By
rotating the solution in a tube permanently under a nitrogen atmosphere a dried film has
been formed. By adding to this film 0.8 ml of the buffer and sonication for 1 min
polymerosomes were formed. For encapsulating the protein inside the polymerosomes
200 pl of a protein was added to the buffer. Thereafter the mixture was stirred at room
temperature (the protein solution concentration and the stirring time are depending on
the protein). The resulting suspension was subsequently extruded approximately 20
times through a polycarbonate membrane (diameter 100 nm) using a Lipofast-basic
extruder (4Avestin Europe GmbH, Mannheim, Germany). For purification and removing
the non-capsulated protein a 30 cm long Sephadex G75 column was added. While
about 10% from the triblock copolymer is biotinylated we can use our tethering protocol
to immobilize the polymerosomes to the treated glass surface (for more details see

section 2-6).
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3-3.1 Protein encapsulation inside polymerosomes

In order to determine the number of encapsulated proteins per polymerosome we
performed photo-bleaching measurements (//,13,54). For this purpose we tethered
polymerosomes. With encapsulated PGK labeled with Atto655 (label ratio 0.6 dyes per

protein, see Section 2.7) and tethered them to a glass slide.

Figure 3-3.1 Wide-field fluorescence image of surface tethered polymerosomes containing Atto655-
labeled PGK. The excitation wavelength is 640nm, the exposer time was 2s.

We took 100 subsequent images with exposer times of 2s (Figure 3-3.1) resulting in
200s of total illumination time. This led to a pronounced photo-bleaching of
fluorophores as bound to the encapsulated proteins. The number of encapsulated
proteins per polymerosomes can be determined by the number of discrete photo-
bleaching steps, visible by a sharp decline in fluorescence intensity. Typical examples of
the time course of step-wise decays (photo-bleaching) are shown in Figure 3-3.2.

In principle the process of protein encapsulation into vesicles follows Poisson statistics,
yielding a probability distribution of numbers of proteins per vesicle (/17,54).
We observed that approximately 80% of all imaged polymerosomes exhibited one-step
bleaching, and 20% exhibited two-step bleaching. According to the distribution, we also
expected to have a considerable fraction of polymerosomes with unlabeled proteins or
polymerosomes without protein, but these will not show up in a fluorescence image.
Hence, polymerosomes as prepared with our protocol are indeed suitable for single-

molecule encapsulation, and for single molecule detection.
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Figure 3-3.2 Time course of photo-bleaching experiments. a, b, ¢, d and e) show a single step decay
which gives evidence for single molecules encapsulation. f and g) also shows a single molecule, but
blinking happens. h) Shows a clear two step decay, which means that this vesicle contains two
fluorophores. For the counts we localized and integrated the intensity over peak area (2x2 pixels)

through the entire time course for every spot, see Figure 3-3.1.

3-3.2 Characterizing folded and unfolded states of encapsulated proteins

For reasonable protein-folding/unfolding studies, the protein must be free of

unwanted interactions with the surface of the polymerosomes. The proteins should be

able to diffuse freely inside the polymerosomes. So we employed fluorescence

anisotropy measurements which provide valuable information in this respect. Using the

confocal microscope equipped with a polarization beam splitter cube one can measure

the rotational freedom of dyes as bounded to the protein. Hence we can calculate the

anisotropy. Anisotropy thereby allows us to detect potentially perturbing interactions of

the proteins with the vesicle surfaces. Figure 3-3.3 and Table 3-3.1 show the time-
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resolved and the steady-state anisotropy measurements for the unbound dyes, for dyes
bound to native proteins, and for dyes bound to unfolded proteins. They are slightly
different but all of them are rather small. The results indicate a high degree of rotational
freedom for all samples. In addition we measured an amphiphilic lipid (DOPE labeled
with Atto655) which was embedded in the polymer matrix and therefore exhibited a
rather high anisotropy. As expected, and in contrast to the encapsulated molecules,
DOPE is rather immobile. Time-resolved fluorescence anisotropy decays were

measured on a MicroTime 200 confocal microscope.

Native Buffer 5M GdnHCI buffer
Sample
In solution | encapsulated In solution encapsulated
Unbound Atto 655 0.03 +0.002 0.04+0.01 0.05+0.002 -
PGK/BLA -Atto655 0.12 £0.03 0.13£0.05 0.09+ 0.05 0.1 £0.05
DOPE-Atto655 - 0.27+0.02 - -

Table 3-3.1 Anisotropy values as obtained from steady-state measurements.

For this purpose a droplet of a protein solution or a solution of protein encapsulated in
polymerosomes (both at approximately 400 pM of sample) was deposited on the surface
of a cover slide. The fluorophore was exited with a 640 nm laser line and we focused
the beam approximately 20 um inside the buffer solution above the surface of the cover
slide. Time-resolved anisotropy decays were calculated and displayed as shown in
Figure 3-3.3. In this figure we can see a fast and almost complete decay of the
anisotropy within 2 ns for an unbounded Atto655, which showed indication for freely
rotating molecules. In contrast, Atto655 bounded to the native PGK exhibited a fast but
not a complete decay. This indicates a partial rotational freedom of the bounded dye
which was most probably confined within a groove on the protein surface.

For the unfolded PGK, we observed again a different behavior. A slower, but complete
decay within the observation time is visible. In this case the dye seems to experience a
higher rotational freedom than the rotational freedom of the dye attached to native
protein, because the protein structure had melted. The protein unfolding dissolves the
formerly existing groove and is no longer hindering the rotational motion.
Due to a rather flexible protein structure local collisions lead to a slower decay process.
In contrast to the cases discussed so far, membrane-embedded dyes (Atto655-labeled

DOPE) showed a much weaker anisotropy decay with significantly larger final
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anisotropy values. In order to judge whether encapsulated proteins exhibited an
interaction with the inner surface of the polymerosomes or not, we compared the results
from proteins in solution with those obtained from encapsulated proteins.
This comparison revealed that anisotropy decays were rather similar for both cases as
shown in Figure 3-3.3. On the other hand, they differed significantly from values
obtained for dyes more tightly coupled to the polymerosomes (Atto655-labeled DOPE).
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Figure 3-3.3: Anisotropy decays observed for Atto655 in the unbound state (gray curve), bound to freely
diffusing unfolded PGK (orange, almost hidden behind the blue curve), bound to freely diffusing native
PGK (red), and bound to polymer-matrix-embedded DOPE (black). Green curves (native PGK) and
Blue curves (unfolded PGK) represent measurements with encapsulated protein.

To obtain a more detailed picture from the anisotropy decays we fitted the data with an

appropriate model as shown in Figure 3-3.4.

The time-resolved fluorescence anisotropy decays were fitted with the wobbling in-a-

cone model (26,34) which is described by:

rt)=r, [( 1- Ax) exp(-t/7.)+ A 3-3.1

with 4 = e, which this leads to the following equation:
7,

H(O)=(To ) exp(-t/T;) + 1 3-3.2
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where r, is the zero time anisotropy, 7 is the limiting anisotropy and 7, is the rotational

correlation time. We were fitted the curves using Equation 3-3.2 as shown in Figure 3-

3.4 and Table 3-3.2.
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Figure 3-3.4: The experimental data as shown in Figure 3-3.3 (black curve) are tail-fitted (red curve) using
the model wobbling in-a-cone (Equation 3-3.2). The fitting parameters are given in Table 3-3.2.

In the table we can see the similarity in the range of error between the fitting data of the

free diffused and encapsulated native PGK. Also we can see the same similarity for the
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unfolded PGK for the free diffusing and the encapsulated protein. The case of DOPE

demonstrates that the encapsulated protein did not stick to the polymerosomes.

Sample ry o 7, (ns)
native 0397 +2*70° | 0.094+3*10° | 057 +6*107
free PGK-Atto655 .
5M GdnHCI | 0.360 +2*107 | 0.009 £5*107 | 1.55+0.018
native 0.396+0.012 | 0.095+1*10° | 05=+17*10"
encapsulated PGK-Atto655
5MGndHCI | 0.360 2 *107 | 0.0092 + 5*107 | 1.55 +2*107°
free 0.368 7 *107 | 0.013 + 1*107 | 0.447 + 17*107°
Atto655
DOPE 0.369 + 16*107 | 0.253 = 7*10° | 3.05+ 9*10”

Table 3-3.2: Resulting fitting values of the freely diffusing and encapsulated PGK labeled with

Atto655. Ve-values show a high agreement with those obtained from steady state anisotropy
measurements, as shown in Table 3-3.1.

3-3.3 Application of photoinduced electron transfer (PET) to monitor the
unfolding/refolding of PGK

Our issue is to study the unfolding process. In our particular case we studied
encapsulated proteins which we have proven to be unperturbed upon the encapsulation
process. To study the unfolding process we need a method which measures the folding
state (folded/unfolded) of PGK. We can not do that with the conventional ensemble
methods like circular dichroism (CD) spectroscopy or tryptophan fluorescence because
the signal from single molecules would be too weak. A good solution to this problem is
to use single molecule techniques which can monitor the protein folding (47,71). PET
with Atto 655 bound to the PGK structure has been proven to monitor protein folding on
the single molecule level due to its sensitivity. For analyzing PET the employed dye has
to be in the vicinity of a donor. Tryptophan in our case is a donor for Atto655 (45). So
we bound the dye to the lysine which is near to the tryptophan in the native state. When
the protein structure unfolds and the average distance between the dye and the quencher
(donor) will increase which would result in a lower quenching efficiency (16,517).

In spite of the fact that the amino acid sequence of PGK includes a large number of

lysine amino acids (target of the NHS-functionalized dyes), only two lysines (Lys213,
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Lys257) are in close proximity to the two tryptophans that are located in the C-terminal

domain of the protein as shown in Figure 3-3.5.

Figure 3-3.5: A structural model of PGK with highlighted Tryptophan residues (red) and two nearby
lysine residues (orange), which are supposed to bind NHS functionalized fluorescent dyes.

A preferential labeling of these lysines would give us the opportunity to detect native
and unfolded states (at least of the C domain) by simply measuring the fluorescence

emission intensity of Atto655.

Results from ensemble measurements (Figure 3-3.6) indicate that Atto655 is quenched
by nearby of tryptophans. As demonstrated in Figure 3-3.6, the thermally induced
unfolding of the protein (monitored by intrinsic Tryptophan fluorescence, blue lines)
was accompanied by an increase of the Atto655 emission intensity (red lines), caused by
reduced PET upon structural expansion during unfolding. A similar but much more
pronounced increase in the emission intensity of Atto655 was observed for PGK
incubated in SM GdnHCI buffer (60).

In addition to the unfolding induced fluorescence intensity increase (i.e. reduction of
PET) we have to consider that GdnHCI also increases the dissociation constant of the
non-fluorescent tryptophan-Atto655 complexes (/6). This means that the GdnHCI itself

reduces the PET. As seen from the temperature-induced unfolding in Figure 3-3.6, the
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much stronger signal increase in the Atto655 emission intensity observed upon
GdnHCl-induced unfolding 1is only partly caused by structural unfolding.
Moreover, for studying the unfolding conditions of polymerosome-encapsulated
proteins on a single-molecule level, the GdnHCl-induced increase of Atto655

fluorescence intensity bound to PGK is a useful measurement.
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Figure 3-3.6: For ensemble measurements in 0.7M GdnHCI, 30 uM Mops, 50 uM NaCl, 2 uM
EDTA, and pH 7.4, the reversible thermal unfolding of PGK was monitored by the shift of the
Tryptophan fluorescence emission peak (blue curves, right y-coordinate) and by the Atto655
emission intensity (red curves, left y-coordinate). In both cases, solid and open symbols represent
data during heating and cooling, respectively. The black line represents the typical temperature
dependence of the fluorescence intensity for free Atto655. The deviation of the red curves from the
black curve at temperatures above 30°C is caused by decreasing PET during spatial expansion of

the unfolding PGK. The standard deviation for the experimental data points in this figure is on the
order of the size of the symbols. This figure is taken from(60).

Finally we want to follow for one at the same molecule repetitive folding and unfolding
events. For this particular case we continued the experiments with tethered and
encapsulated PGK-Atto655. Then during the experiment we imaged encapsulated PGK
under native buffer conditions for 4 seconds followed by an image (also 4 seconds
illumination) under unfolding buffer conditions (SM GdnHCI). Analyzing the resulting

images, and calculating the counts difference between the folded and unfolded states,
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we found that in average, there is an enhancement in counts by approximately 58% for
the unfolding conditions. For some integrated peaks we displayed the counts for the
folded and the unfolded state as shown in Figure 3-3.7. In the same kind of experiments
images from samples incubated with native buffer and with 5M GdnHCI, measured in
an alternating sequence, exhibit alternating intensity values from individual spots. In
this case we reduced the exposer time to 2 seconds because we do not want to bleach the

fluorophores.

9000 c I folded
I unfolded

Figure 3-3.7: Wide-field fluorescence images of surface tethered polymerosomes containing Atto655
labeled PGK in a) native buffer, b) SM GdnHCI buffer. c¢) The black bars represent the intensity of
fluorophores from folded and the red bars that of unfolded PGK. The sample was exposed with a laser
line at 640nm for 4 s.
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An example of this behavior is shown in Figure 3-3.8. For a large number of spots, we
observed an increase in intensities, upon the change from native buffer to unfolding

buffer conditions, and a decrease in intensity when changing the buffer back to native.
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Figure 3-3.8: A typical time course of the measured emission intensity as obtained from the integration
of an individual spot is shown in this figure. The images were measured every 30 s with polymerosomes
bound to cover slides. The arrows indicate buffer exchange from native to unfolding conditions or vice

versda.

Since the PET approach worked quite well with PGK we wanted to extend these studies
to other proteins like BLA and TAKA. Although Atto655 labeled BLA and TAKA
exhibited similar anisotropy values as observed for PGK (Table 3-3.1), we did not
observed the typical Atto655 fluorescence intensity changes caused by PET upon
unfolding and refolding transitions (see also section 3-4.2). In contrast to PGK, Atto
655-labeled o-amylases did not show PET or a change in Atto655 fluorescence
emission intensities upon protein unfolding. This indicates that for the investigated o-
amylases, none of the lysine in the vicinity of tryptophan was accessible for Atto655-

NHS.
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3-4 Native and unfolded states of multi-domain proteins studied by FCS

As stated earlier a protein is a sequence of polypeptides in a chain forming secondary
and tertiary structure elements which give the protein its functionality. This process is
called protein folding. The native protein is typically characterized by a rather compact
state. We are interested to study the unfolding of multi-domain proteins, particularly the
a-amylases like TAKA from Aspergillus oryzae (52.5 kDa, 499 residues (4)) and the
alpha amylase BLA from Bacillus licheniformis (58.3 kDa, 512 residues (5)). The
structure of each is shown in Figure 3-4.1. In addition we also want to study
Phosphoglycerate kinase from baker yeast (PGK, 44.3 kDa, 415 residues (10,35,70)).
PGK is composed of two roughly equally sized subunits connected by a flexible hinge

(14,70). As shown in Figure 3-4.1 TAKA and BLA are composed of three domains.

Figure 3-4.1: Schematic drawing of studied proteins in a cartoon style from the protein data
bank(10,43,70). In this scheme the colors orange, green and cyan represent different domains in the
respective proteins.

An unfolding induced structural expansion of the proteins should be visible when we
measure a parameter which is related to the size of the protein. This parameter might be

the radius of gyration in the case of employing small angle scattering by neutrons or X-
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rays. Also one can use the hydrodynamic radius as a size parameter determined by
dynamic light scattering or by fluorescence correlation spectroscopy. Our purpose is to
study the degree of unfolding as a function of a chemical denaturant (GndHCI)
concentration for PGK, TAKA and BLA using the FCS technique.

As a result of adding a high concentration (a few molar) of GndHCI to the buffer, the
buffer viscosity will be changed. The change of the buffer viscosity leads also to change
of the refractive index. Due to the fact that we have different molarities of the GndHCI,
we have different viscosities. As discussed before in Section 2-3.1 the detection volume
is a function of the refractive index, so we have to correct our obtained results for these
changes. In this particular case we have to determine exactly the confocal volume for
the different buffer concentrations. Using known diffusion coefficients, in our case of
some dyes, we can determine the required detection volume. The diffusion coefficient of
the free dye was already measured (see Section 3-1.3) and is well defined in the native
buffer (50mM Na,COs, pH7.4). With these known values of the diffusion coefficients
we can use Equation 3-4.1 to calculate apparent hydrodynamic radii of free dyes which
are not expected to change according to the buffer. The addition of chemical denaturant
GndHCI to the native buffer affects the buffer viscosity according to the GndHCI
concentration. I used some of the published values (36) and interpolated by using a

simple polynomial (see Figure 3-4.2).
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Figure 3-4.2: The viscosity values for different molarities of the chemical denaturant GndHCI. The
black squares are the known values from the literature(36), while the red line represents the
interpolating polynomial.
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Using the viscosity values for different GndHCI concentration we can calculate the
diffusion coefficient as shown in Table 3-4.1, and Figure 3-4.1 using the following

equation (52):

K,T

e 3-4.1
6 TR,

D(n,T)=

where Kz is Boltzmann constant, 7" is the temperature in Kelvin, # is the medium

viscosity, and Ry, is the hydrodynamic radius of the diffusing particle.

Alexa 647 Atto 655
GndHCI Conc. (M) | R, (nm) | Ds (,umz/s) Ver (f)) R, (nm) | Dy (,umz/s) Ver (f))
0 343 2.1 407 2.1
0.5 334 2.1 396 2.2
1 071 328 2.2 0.6 390 2.1
2 311 2.3 370 2.3
4 267 2.8 319 2.8
6 208 2.7 248 2.5

Table 3-4.1: Calculated diffusion coefficients using Equation 3-4.1 (black numbers). The temperature
was set at 298°K (i.e. 25 °C). The value of R, was calculated in advance using the same equation for the
measured diffusion coefficient value of the free dye (red numbers) diffusing in native buffer (i.e. OM,
more details in Section 3-1.3). The last column lists the fitted effective confocal volumes for each
denaturant concentration. (a) This value is from a personal communication with A. Loman and (b) from
the reference(49). Both values were also verified by measurements using the dilution series method.

Also in this table I show the effective detection volume (V,5) related to each GndHCI
concentration (more explanation about the method in Section 3-2). To see the effect of
different GndHCI concentration on the diffusion time of the diffusing dye, we fitted the

auto-correlation curve with an appropriate model (for more details see Section 2-3.1).

One example of an auto-correlation fit is shown in Figure 3-4.3.
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Figure 3-4.3: The auto-correlation curve of Alexa 647 pure dye diffusing in native buffer and the
diffusion part (fit) as calculated using Equation 2-3.12.

The auto-correlation curves of the Atto655 and Alexa647 at different GndHCI

concentrations are shown in Figure 3-4.4.
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Figure 3-4.4: The pure diffusion part of the auto-correlation curve fitting of free dye diffusing in
different concentrations of chemical denaturant GndHCI.

In Figure 3-4.5 we can see the resulting changes in the diffusion coefficient as function

of denaturant concentration.



3 Results and discussion 99

420 360
a . b wl]
400 . 1 5
L LN
380 . 320 A
.. <
360+ \ 3004
\\ ®
2 a0 A © .
E AN £ 280+ N
A 5
o 3204 \!\ 0 20 \
300 4 \\\ 2404 \\
N\ AN
280 \ N
\ 20+ L
260 N\ L
\ 200
| § . . . . . .
240 T T T T T T 1 (I) ; é é :1 : é
0 2 3 4 6
GndHCI Cone (M) GndHCl Conc (M)

Figure 3-4.5: The diffusion coefficients as a function of GndHCI concentrations (black squares) of
diffusing free Atto655 (a) and Alexa647 (b). The red line is a polynomial fit.

It is known from the literature that the sensitivity of proteins to chemical denaturants is
different, depending on their individual stability (30,32). Therefore we measured the
diffusion of the labeled proteins at different denaturant concentrations. An important
parameter in this respect is given by the C;»-value, which gives the denaturant
concentration where the protein is half folded/unfolded. The C;,; values for GndHCI of

the proteins under investigation are listed in Table 3-4.2.

Protein

PGK

BLA

TAKA

0.98

0.34

Ci2(M) 0.7

Table 3-4.2: The C,,; values for GndHCI of the proteins PGK, BLA and TAKA(41).

Knowing the C;,, values for the individual proteins we can relate different diffusion
coefficients of the proteins measured at specific denaturant concentrations to structural
parameter of the proteins (R;) to obtain information on various folding states. As
discussed above we have to consider effects caused by changes of solvent properties

which have been analyzed in detail with free dyes (see Figure 3-4.4 and 3-4.5).
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3-4.1 Determination of hydrodynamic radii for GndHCI induced unfolded states
By using FCS we want to measure the diffusion and thereby the hydrodynamic
radius of the proteins, the latter as a measure of the protein size. In this respect FCS is a
straight forward method because we can attach our dyes to any position at the protein
and the result is not depending on the label position, in contrast to FRET and /or PET
studies. Here we want to study the unfolding properties of PGK and of some a-

amylases. The results for PGK are shown in Figure 3-4.6.
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Figure 3-4.6: The diffusion of PGK labeled with Alexa647 diffusing in different concentrations of the chemical
denaturant GndHCI with incubation time 1h. a) The pure diffusion fitting part of the auto-correlation. b) The

diffusion time of the diffusing protein. c) The hydrodynamic radius of the diffusing protein calculated using
Equation 3-4.1.
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Equivalent results for BLA are shown in Figure 3-4.7 and for TAKA in Figure 3-4.8.
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Figure 3-4.7: The same measurements like in Figure 3-4.6 but for BLA.

As expected for most proteins the increase of the GndHCI concentration causes an
expansion of the protein structure. For PGK this is notable from the increased viscosity
corrected diffusion times and their corresponding hydrodynamic radii. At low
concentration of the denaturant (C < 1.5 M) there is an unexpected increase in the
diffusion coefficient resulting in a decrease of hydrodynamic radii, or in other words an
apparent collapse of the protein structure. This apparent collapse was also detected by
FRET measurements for other of proteins (48). A similar compaction was obtained from

single molecule FRET studies with PGK (67).
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Figure 3-4.8: The same measurements like in Figure 3-4.6 but for TAKA.

We observed for PGK this slight compaction at concentrations of 0.5 molar GndHCI.
Interestingly a similar compaction was also observed for other salts of the Hofmeister
series (617). It is therefore assumed that this effect is related to interactions caused by
hydrophobic effects (29) and by charge-charge interactions. The compaction according
of GndHCI concentration is not the same for all proteins. In PGK we found that the
compaction takes place around 0.5 M of GndHCI. The compaction of the BLA takes
place at higher denaturant concentrations while TAKA does not show such a
compaction.

The hydrodynamic radii of our proteins are in a reasonable regime between 2.8-3.2 nm
for the native state. Unfortunately, we obtained values which are partly smaller in the
native state and in the early unfolding states which demonstrates that we still have some

problems with the determination absolute R, values from FCS. However, at least
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relative values are more reliable and the general tendencies of R values changes can be
trusted. According to this we see a small compaction of the native state and then the
proceeding unfolding is really increasing the hydrodynamic radius dramatically, even at
high concentration of GdnHCI above 3M. We see in most cases a still expanding
protein. This phenomenon is known as the global coil transition and was also observed

in many FRET studies (6/), not only for PGK.

3-4.2 Analyzing structural dynamics and compactness by employing PET

When a protein is in the native state the structure exhibits certain flexibility and
the residues are partly free to move. The PET rate (more details about PET in Section 2-
4) can give a measure about how fast the structure is fluctuating. At the same time the
PET rate is also determined by the collision frequency of the electron donor and the
related acceptor which is strongly depending on the average distance between both
colliding partners. Therefore a decreasing PET rate can be indicative for an increasing
average distances between both colliding partners. So the PET rate can be employed to
measure the structural compactness of our Atto655 labeled PGK (see Section 3-3.3). For
this purpose we performed again FCS measurements with Atto655 labeled PGK at
different concentrations of GndHCI as a chemical denaturant. In contrast to the previous
cases we did not only analyze the pure translational diffusion but also investigated faster
fluctuations assumed to be related to PET. Atto655 is a stable dye and did not show
significant triplet state transitions, as shown in Figure 3-4.9. So any fast process which
shows up in the auto-correlation function should be related to dynamical dye quenching,
which is in the case of our PGK sample caused by PET between Atto655 and the
neighboring tryptophan residues.

As we discussed before in Section 2-3 the auto-correlation can be fitted with an

appropriate model. In the case of PET we used the following model (27,63):

c -1 -1/2
G(r)=|1=Apyy + APETe[ TPETJ G(O)[l + T_J (1 + - 2 j 3-4.2

T, K
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where 7 the diffusion time, zpgr is the diffusion time of quenched fluorophore. Apgr is

the amplitude of quenched fluorophore diffusion.

—O0.0M

Normalized G(r)

107 10 10’ 10°
Lag time (ms)

10° 10?

Figure 3-4.9: Normalized autocorrelation curves of free Atto655 diffusing in different concentrations
of GndHCI.

This model is equal to that which considers triple state dynamics and was introduced
already in Section 2-3.1. Like in the previous section I made a fitting of the pure
diffusion part (not shown) to take the maximum value in this fitting as a normalization
factor (Figure 3-4.10 and Table 3-4.3). We can see that for low concentrations of
GndHCI and for the native state we obtain a fast process. In other words we have two
processes, one is very fast (with amplitude Apgr) in the order of a few hundred
nanoseconds and another one is slower (with amplitude A= G (0) - Apgr) in the order of
fractions of milliseconds. The slower one refers to the translational diffusion of PGK.
The faster one refers to those proteins which experienced a complex formation between
the Atto655 and tryptophan. The amplitude of both components (A and Apgr) gives an
idea about the concentration of the quenched and non quenched fluorophores. It is clear
from Table 3-4.3 and Figure 3-4.10 that we have a very fast process, showing a

decreasing amplitude 4pzr with an increase of the denaturant concentrations.

In order to obtain a more detailed picture of the underlying processes, we take a closer
look at the obtained fitting parameters. The association rate constant k. and dissociation
rate constant k. of the colliding partners could be extracted from our data if we rewrite

our model function in slightly different manner.
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Figure 3-4.10: The normalized auto-correlation of the PGK labeled with Atto655 diffusing in different
GndHCI concentrations with incubation time 1h. The auto-correlation curves are normalized to the
G(0) of the pure diffusion component.

The auto-correlation equation in the case of diffusing quenched particle gives in a 2D

approximation (see (/6)):

Here 7ox,= (k+ + k_)'1 is the correlation time and kg, = k+/ k. is the equilibrium constant,
both determined by the association and the dissociation rate of the PET collision
partners k. and k., respectively. With only one species of diffusing particles in the 2D

approximation we obtain from Equation 2.3.19 and 3-4.2 the following:

_ T -1
G(r)=|1-4,, + Ape,e[ ] G(0) (1 + i] 3-4.4

Tp
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Ci’}'f‘;% ( sz o | w9 | A | Arer wer(107s) | Rr%
0 74 0.67 | 433 | 051 1.00 11.84

0.5 100 053 | 6.1 | 0.542 1.20 8.89

1 91 0.61 | 3.63 | 068 1.00 18.68

2 53 11 | 397 | 017 4.00 421

4 33.8 195 | 533 | 0.098 5.00 1.84

6 263 283 | 3.34 | 0.099 3.00 2.96

Table 3-4.3: The diffusion coefficient D, the diffusion time tp, the pure diffusion amplitude A of PGK
labeled with Atto655 diffusing in different concentration of GndHCI with incubation time 1h. tpgr is the
inverse PET rate of quenched fluorophores and Apgr is the amplitude of the quenching process. Ry is the
fraction percentage of Appr to A. All the previous parameters are calculated according to the auto-
correlation Equation 3-4.2. From 2-3.20 4=G(0)*(1— A4, )

trp

from Equation 2-3.20

G(0) (1-4,,)=—

<—N>:>

_ 1 3-4.5
(N} 60 (1-4,,)

G(r)=(1-4,,) (1 + LJ G(0) + G(0) Ape{l . L] e(]

Tp

S R OY, IT e[j

pet

from Equation 3-4.5 <N > G(0)= 1

G(r) = — e[] 3-4.6

kpy =—+=—2— 3-4.7
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and Tor =T o = 3-4.8

Solving the Equations 3-4.7 and 3-4.8 simultaneously we obtain for the

association/dissociation rate constants

A
k =2 and k = pet 3-4.7

Finally we can calculate the association and dissociation rate constants using the values

of Table 3-4.3 as shown in Table 3-4.4.

ci?f(% Aper 2per (107 s) Kequ ke (10°s) | 1/k.(10"s)
0 0.51 1.00 1.04 0.19 0.20
0.5 0.542 1.20 1.18 0.22 0.26
1 0.68 1.00 2.13 0.15 0.31
2 0.17 - - - -
4 0.098 - - - -
6 0.099 - - . -

Table 3-4.4: The association k+ dissociation k. rate constants of PGK are given as a function of the
GndHCI concentration. For PET components with amplitudes Aper < 0.2 no reliable rate constants can
be given. From 3-3.20 A=G(0)*(1- A4, )

trp

Compared to previous studies from Sauer and co-workers (/6), where they studied free
trypthophan with free MRI121 (very similar to Atto655) at different GndHCI
concentrations (0-5 M), we obtained here association and dissociation rates which are at
least in the same order of magnitude. Sauer et al. obtained values for both inverse rates
in the order of 10-100 ns, while our inverse rates are slower by a factor of 2-10 (Tab. 3-
4.4 and Fig. 3-4.11). There are several possible reasons for this observed difference.
First our sample is rather different, since we are dealing with dyes and quenching
partners which are part of the protein structure, while in the literature case free diffusion
particles are investigated. This can give rise to a significant change in the accessibility
of the PET partner molecules to GndHCI molecules. As a result the effect of GndHCI on

life time of the PET-complex can be quite different. Secondly, the correlation times of
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the association/dissociation events are rather fast and on the edge of our measuring
window (see Fig. 3-4.10). Therefore, we cannot rule out that in particular at higher

GndHCI concentrations much stronger PET amplitudes with faster rates may occur.
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Figure 3-4.11: The effect of GndHCI concentration on the association 1/k, and the dissociation 1/k.
rate constants of the TRP-Atto655 of PGK complex formation.

At a concentration of 1 M GndHCI we found that the amplitude of this fast PET process
is the highest which might be an indication for the closest distance between both PET
partners and would refer to a protein compaction which we have already seen in the
previous subsection. This is also visible in an anti-correlated PET amplitude with
respect the PGK hydrodynamic radius, as shown in Figure 3-4.12 for different
concentration of the GdnHCL

To assure that we really observe tryptophan-Atto655 collisions and therefore a PET
process in the respective auto-correlation measured with PGK, we also studied labeled
BLA and TAKA samples. From the results discussed previously, we know that for the

o-amylases we do not observe any PET (see section 3-3.3).
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Figure 3-4.12: The change of the PET component amplitude (black line) and the hydrodynamic radius
(red line) of the PGK with the denaturant concentration.

In Figure 3-4.13 and Tables 3-4.5 and 3-4.6 auto-correlation curves and resulting

parameters clearly show, that we do not have a fast process, similar to results obtained

with the free Atto655.
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Figure 3-4.13: The same measurements like in Figure 3-4.6 but for a) BLA, b) TAKA.

Although the results from PGK indicate clearly that we are observing dynamical
collision between PET partner molecules, the interpretation of these result in terms of
structural changes and dynamical properties of the protein structure is not
straightforward. Since the PET rate depends not only on the average distance between

the colliding partners (because it defines the probability of collisions) but also on the
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GndHCI concentration, which directly influences the dissociation rate k. (716), the

measured PET rates do not give unambiguous on the structural state of the protein.

CoG: j }(IACZ (waz 2) Tp (ms) A ApeT TpeT (MS) Rr%
0 88 0.61 3.88 | 4.20:10° - 0.001

0.5 94 0.60 4.85 0.065 - 1.3

1 102 0.54 4.43 0.054 - 1.2

2 72 0.79 5.91 0.076 - 1.2

4 40.6 1.72 2.83 0.041 - 1.4

6 29.8 2.34 2.27 0.022 - 0.95

Table 3-4.5: The same values like in Table 3-4.3, here for BLA.

CoG:ch?A% (ﬂ’fz /) 7p (ms) A Aper tper (MS) Rr%
0 81 0.64 8.90 0.03 - 0.3
0.5 86 0.60 8.54 0.01 - 0.1
1 78 0.67 7.89 0.04 - 0.5
2 67 0.88 6.20 0.09 - 1.4
4 46.3 1.35 4.06 0.05 - 1.2
6 30.5 2.01 4.19 0.04 - 0.95

Table 3-4.6: The same values like in Table 3-4.3, here for TAKA.
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4-Conclusion and outlook
Setting up the microscopes for single molecule measurements

Although simultaneous dual color imaging in the wide field microscope gave
reasonable and reproducible results the handling was often difficult and time-consuming
and the results left some space for improvements. After some experience with our set up
I would introduce in future essentially two improvements. First I am planning to replace
the wedged filters by a more straight forward approach which employs a combination of
two angled mirrors, a conventional dichroic mirror, and two conventional emission

filters. Such a setup is described in the literature (7) and a scheme is shown in Fig. 4.1.
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Figure 4-1: A schematic draw of the image spitting device as integrated in a Optosplit 1l device
produced by Cairn Research Ltd., United Kingdom, taken from (3).

The advantages of this system with respect to the wedged filters is manifold. First,
conventional optical elements used in this system are available at much lower costs as
compared to custom made wedged filters (in particular if many different color
combinations are required). Second the obtained images can be adjusted perfectly to the
same size for both color channels which avoids later resizing and rescaling of the image
channels. And last but not least a change from one color combination to another one is
must faster and straightforward because not alignment steps are required since only the
respective filters have to be exchanged (see Fig. 4-1).

The second important issue is related to the moderate signal to noise ratio which can be

achieved with our conventional wide-field setup. Therefore in recent years more and
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more fluorescence microscopes made use of total internal reflection fluorescence
(TIRF). Although in our samples we are not dealing with background fluorescence from
distances well apart from the surface (we use only surface tethered fluorescent
biomolecules) which is classically suppressed in TIRF microscopy, we can also benefit
from a much better signal to noise ratio using TIRF (for more details see (2)). TIRF
microscopes can be realized in two different illumination modes (6,70): 1) Illumination
using a prism, in this case we have illumination from the top like in transmission mode.
2) Illumination using the microscope objective itself, this is typically the epi-
illumination method and will be the method of choice for our purpose. A schematic
draw of an “off-axis” excitation using the objective based approach is shown in Figure

4-2.
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Figure 4-2: A TIRFM objective. When the excitation beam (red line) is hitting the surface with an
angle larger than the critical angle the beam will be totally reflected without any transmission,
and an evanescent wave (orange lines) is built up on the top of the reflecting surface.

Using this illumination mode we obtain very efficient excitation conditions caused by an
evanescent wave which results finally in a much better putative signal to noise ratio for
peaks from single surface immobilized fluorphores. In order to achieve TIRF
illumination we have to use an objective with a sufficient larger N.A. (typically > 1.45)

and the ability to move the beam along an axis perpendicular to the optical axis, in order
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to switch between on-axis (classical wide-field imaging) and off-axis (TIRF

illumination) excitation beams.

Monitoring protein synthesis and protein folding

In order to reach our final goal, namely the time-resolved analysis of co-
translational folding of polypeptide chains, I performed valuable first steps in
establishing an in vitro protein synthesis system, suitable for single molecule detection.
The protein synthesis apparatus (the ribosomes) could be tethered to the surface by
maintaining its functionality and the detection of individual ribosomes producing
individual GFPs remaining attached to the ribosomes was possible. Even the direct
incorporation of fluorescent dyes into a newly synthesized polypeptide chain was shown
to be possible with our approach. However, to reach our final goal at least two major
improvements and developments are required for further progress. (1) In most of our
images we still have to fight for a reasonable high density of tethered ribosomes which
in addition should also be active (in synthesizing polypeptide chains) to an extend as
high as possible. To reach these conditions we first have to improve the surface
blocking with PEG (to reduce unspecific binding to the surface) by improving our
protocols (more stable chemical compounds, more elaborated silanization protocols).
Progress in this respect would allow us to monitor a few hundred tethered well separated
molecules in an area of about 80 x 80 um? at the same time. In the presented results we
typically reached only densities which were by a factor of ten lower. But a rather high
density is essential, because under conditions we used only 10% of the tethered
ribosome start to synthesize proteins. (2) With respect to the dye incorporation we
obtained until today only rather qualitative results. In order to employ dye incorporation
for FRET studies we need not only site-specifically labeled ribosomes (which is
essentially the work of our molecular biologists) but also a reasonable high probability
of correct dye incorporation. Therefore, in further studies we first have to prove
unequivocally that the dyes are predominantly incorporated into the polypeptide chain
(and not unspecifically attached to the surface of ribosomes, which until today we

cannot rule out to 100 %). Only after these checks we can really start to monitor
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fluorescence intensity changes in both color channels, in order to obtained information

about distance changes according to FRET theory.

Observing proteins as single molecules encapsulated in surface-tethered polymeric
nanocontainer

In this project we succeeded in encapsulating individual proteins into polymeric
vesicles (polymerosmes), which were tethered to the surface. This approach enabled us
to monitor single molecules for extended observation times (typically not possible with
freely diffusing molecules). A further significant advantage of the employed vesicles is
due to the fact that they are permeable to GndHCI, which allows for in-situ buffer
exchange to switch between folding and unfolding conditions. Although we could
somehow follow folding/unfolding transitions of encapsulated PGK (from analyzing
fluorescence intensity changes caused by PET), we were not really able to obtain details
about the proteins structure at different folding states. In order to reach this goal the use
of FRET would be the method of choice. Recently a PGK mutant labeled with a FRET
pair was established in our group (//), which can be used for studies with
polymerosomes. To proceed with our studies we first have to repeat the same cross-
checks for this double labeled PGK as I did already for our PET sample. The challenge
of FRET with immobilized proteins (in our case due to the encapsulation within surface
tethered nanocontainers) is to watch one and the same protein during multiple unfolding
and refolding transitions. Such studies on single molecule level are expected to reveal
valuable insights about folding pathways in particular for multi-domain proteins,
typically characterized by a more complex energy landscape, which presumably exhibit

several detectable intermediate states.

Native and unfolded states of multidomain proteins studied by FCS

In this project we have studied the structure of several multi-domain proteins (in
addition to PGK we studied also the a-amylases BLA and TAKA) as a function of the
chemical denaturant GndHCI. For this purpose we employed FCS to obtain information
about the structural expansion of freely diffusing proteins by analyzing the auto-

correlation of the observed fluorescence intensity fluctuations. In the time regime of
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milliseconds we observed translational diffusion which was used to determine the
hydrodynamic radii of the diffusing proteins. In addition for PGK I was able to detect a
fast process (~100 ns) which was clearly related to a fluorescence quenching caused by
PET. While characterizing the overall size of proteins by hydrodynamic radii obtained
from FCS is already well established, the approach of using PET to measure structural
parameters of proteins is rather new and methodical developments are currently
performed by several groups (5,9,12). Complementary to FRET (which is sensitive for
structural distances between 3 and 6 nm) PET is able to measure much smaller distances
(typically < 1 nm) between structural elements within proteins because the process
requires van der Vaals contacts between the dye and the quencher. According to this,
steady state intensities as well as PET rates can be employed to derive distances and
distance changes, if a calibration was made in advance. However studies with GndHCI
as a chemical denaturant are intrinsically difficult because the life time of the counter-
complex (non-fluorescent dye-quencher complex) is directly depending on the GndHCl
concentration (4), which makes interpretation of the PET rates in terms of structural
distances not straightforward. Therefore alternative approaches to achieve unfolded
states would be the most promising approach to continue my studies. In this respect
using Urea (/,8) or extreme pH-values to induce unfolding should be considered for
further PET studies. However, even for these approaches the effect of these denaturating

conditions on counter-complex life times have to be analyzed.
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5-Summary

In my thesis I aimed to study protein folding/unfolding transitions and protein
synthesis using single molecule fluorescence techniques. For this purpose I employed
confocal and wide-field fluorescence microscopes. For surface immobilized
biomolecules I set up and calibrated an autofocus wide-field system for time-resolved
simultaneous dual color imaging. In the case of freely diffusing proteins a confocal
microscope with pulsed excitation was used for time-resolved anisotropy measurements
and for fluorescence correlation spectroscopy (FCS). In the first project the synthesis of
the green fluorescence protein (GFP) has been monitored while the protein was tethered
to surface immobilized functional ribosomes. In time resolved studies we obtained
characteristic maturation times of our GFP mutant which was rather fast (5 min)
compared to most other GFP mutants. In further studies we aimed to analyze the folding
process in more detail by incorporating fluorescent dyes (BODIPY-TMR) into the
polypeptide chain using a cell-free transcription/translation system. First results were
obtained which prove a partial integration of the dye into chain and gave valuable
findings how to continue in order to establish a Forster resonance energy transfer
(FRET) pair for folding studies. In the second part of this work we performed protein
folding studies on single molecule level with phosphoglycerate kinase (PGK)
encapsulated in polymeric vesicles as nano-containers. Some of the most interesting
properties of polymeric vesicles are their remarkable stability against harsh
environmental conditions and their permeability for chemical denaturants. We
demonstrated in an application on protein folding, that surface-tethered polymerosomes
are suitable to perform time-resolved single molecules studies with encapsulated
proteins. A third project dealt with a structural and dynamical characterization of protein
structures by employing FCS in order to obtain hydrodynamic radii of the protein. We
studied a few multi-domain proteins under different concentration of a chemical
denaturant (guanidine hydrochloride, GndHCIl) and observed at low denaturant
concentrations (< 1 M GndHCI) a slight compaction of the protein structures which was
followed by a drastic expansion of the proteins in the unfolded state. For PGK we were
also able to resolve structural parameters of the protein by analyzing a characteristic fast

process which was caused by photo induced electron transfer (PET).
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Zusammenfassung

In der vorliegenden Arbeit wurde das Ziel verfolgt, Protein Faltungs- und Entfaltungs-
tiberginge mit einzelmolekiilfluoreszenz-spektroskopischen Techniken zu studieren. Zu
diesem Zweck habe ich konfokale und Weitfeld-Mikroskope eingesetzt. Zur
Beobachtung von oberflichenimmobilisierten Biomolekiilen habe ich ein Mikroskop-
System mit Autofokusoption fiir zeitaufgeldste simultane zweifarben Bildaufnahme
etabliert und kalibriert. Im Falle frei diffundierender Proteine wurde ein Konfokal-
Mikroskop mit gepulster Anregung fiir zeitaufgeloste Anisotropieabfille und fiir
fluoreszenzkorrelationsspektroskopische (FCS) Messungen verwendet. Im ersten
Projekt wurde die Synthese eines griinfluoreszierenden Proteins (GFP) verfolgt,
wiahrend das GFP an einem immobilisierten funktionsfahigen Ribosom gebunden war.
In zeitaufgelosten Studien wurde die charakteristische ,,Reifezeit* unserer GFP-Mutante
bestimmt, die mit etwa 5 Minuten deutlich kleiner war als die der meisten anderen GFP
Mutanten. In weiteren Studien war es unser Ziel den Faltungsprozess detaillierter zu
untersuchen, indem wir einen Fluorezenzfarbstoff direkt in die Polypeptidkette
eingebaut haben. Erste Ergebnisse zeigten einen teilweisen Einbau des Farbstoffs in die
Kette, welches eine vielversprechende Ausgangssituation fiir weitere Forsterresonanz
Energie-transfer (FRET) Faltungsstudien darstellt. In einem zweiten Projekt der Arbeit
wurden Einzelmolekiil-Proteinfaltungsstudien mit der Phosphoglycerat-Kinase (PGK)
durch-gefiihrte, wobei individuelle Proteine in Polymervesikel eingeschlossen wurden.
Einige der wichtigsten FEigenschaften dieser Vesikel war deren bemerkenswerte
Stabilitdt gegen raue Umgebungsbedingungen und deren Durchldssigkeit fiir chemische
Denaturantien. Wir konnten in einer Anwendung zur Proteinfaltung zeigen, dass ober-
flichenimmobilisierte Polymervesikel geeignet sind, zeitaufgeloste Einzelmolekiil-
studien mit eingeschlossenen Proteinen durchzufiihren. Ein drittes Projekt beschéftigte
sich mit der Charakterisierung struktureller und dynamischer Proteineigenschaften, bei
dem FCS Messungen zur Bestimmung hydrodynamischer Radien genutzt wurden.
Hierbei haben wir einige Multidomédnen Proteine bei verschiedenen Konzentrationen
von Guanidinhydrochlorid (GndHCI; chemisches Denaturant) untersucht und fanden bei
niedrigen Konzentrationen (< 1 M GndHCI) ein leichte Kompaktierung der Proteine,
wiahrend der voll entfaltete Zustand eine expandierte Struktur aufwies. Im Falle der
PGK konnten wir dariiber hinaus einen schnellen Prozess in der Autokorrelation
nachweisen, der direkt mit einem photo-induzierten Elektrontransfer (PET)

zusammenhangt.
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