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1. Introduction

1.1. Fluorescence Microscopy in Biophysics

Direct visualization of biomolecules, cells, tissues and entire animals is essential for
many studies in biology and medicine. [Electron microscopy (EM)|[1] features molecular
resolution and, thus, is a very popular tool for imaging inorganic specimens. How-
ever, the application of electron microscopy to biological samples is limited [2]. Cells
must be fixed, imaging depth is restricted and real-time imaging of living organisms
is hardly feasible. For imaging in medical applications, techniques such as
emission tomography (PET)| [3], [magnetic resonance imaging (MRI)| [4,5] or
coherence tomography (OCT)| [6] are ideally suited. They are minimally invasive and
allow for high imaging depths including entire animals. Yet, these methods are limited
in resolution (Fig. and, thus, not employable for studies on the subcellular level.
The gap in resolution, imaging depth and bio-compatibility is covered by visible light
microscopy. Visible light microscopy is minimally invasive, fast and able to resolve sub-
structures within living cells and tissues and, therefore, has become the most popular
tool for such applications. In biology, a major portion of all cellular samples are visu-
alized by far-field fluorescence microscopy. Still, fluorescence microscopy suffers from
several limitations. Deep tissue imaging and visualization of entire animals is restricted
by absorption and scattering of visible light within the specimen. If high resolution is
required, the short working distance of objectives with high jnumerical aperture (NA)
further complicates experiments. Yet, recently developed techniques such as
[plane illumination microscopy (SPIM)| [7,|8] are pushing those boundaries. In
a light sheet is created within the sample perpendicular to the observation axis. The
range of such a light sheet can be increased with techniques such as two-photon excita-
tion [9/10] and Bessel beams [11]. Thus, structures of 2 1 mm in diameter can be imaged
in 3D with a resolution comparable to the best single-cell imaging techniques such as
confocal microscopy. At the other end of the size spectrum, all conventional visible light
microscopy techniques are limited in resolution to ~ 200 nm by the diffraction barrier.
Direct observations on spatial scales beyond this limit have long been performed using
near-field techniques such as [near-field scanning optical microscopy (NSOM)| [12]
and non-optical methods such as fatomic force microscopy (AFM)| [13]. However, in re-
cent years, several ideas of bypassing the diffraction limit were developed independently.
Early concepts proposed the application of markers of different colors to allow for a spec-
tral separation of sub-diffractional features. Unfortunately, the absorption and emission
spectra of common fluorescent probes are too broad to provide a sufficient number of
color channels to yield a substantial improvement in resolution. The first breakthrough
in the development of super-resolution, optical far-field fluorescence microscopy, was
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achieved by application of stimulated emission depletion (STED)| [14]. Performing stim-
ulated emission on fluorophores is a non-linear, saturable process. Therefore, by the
choice of a suitable depletion pattern, effective, sub-diffractional volumes can be realized
while the pattern itself is still diffraction-limited. In fact, all super-resolution concepts
implemented so far exploit a non-linear optical property of the fluorophores employed.
Among these, localization-based concepts such as[photoactivated localization microscopy]
(PALM)| or [fluorescence photoactivation localization microscopy (FPALM)| and
stochastic optical reconstruction microscopy (STORM)| are the most popular ones.
In localization-based super-resolution microscopy, fluorophores are switched between a
dark, non-fluorescent and a bright, fluorescent state. By keeping only a tiny fraction
in the active, fluorescence-emitting state at a time, the emitter locations can be deter-
mined with sub-diffractional precision. Current super-resolution nanoscopy allows for
an increase in spatial resolution by more than one order of magnitude, i.e., < 20nm.
By application of to fluorescent nitrogen vacancies in diamond, resolutions of a
few nanometers have been realized . However, up to now, achieving the best possible
resolution is a trade-off between other important imaging parameters such as acquisition
speed, 3D capability and multicolor compatibility. Also, high-end fluorescent probes are
sometimes difficult to use in live-cell environments. Therefore, the aim of current re-
search is to develop methods and equipment to provide molecular resolution that can
reliably and universally be applied to biological specimens.

Protein Virus Bacterial Mammalian Zebrafish Mouse
Nucleus cell embryo  liver Mouse

[ ]
1nm  10nm 100nm 4pm  10pm 100pm 41mm 10mm 100 mm

Method Acquisittii'zg
PET s
MRI < > s
OCT < . s
Widefield < > ms
Confocal = > ms-s
SSIM < > ms- s
STED < > s - min
PALM/STORM < > s - min
EM < » S - min

Figure 1.1.: Overview of popular imaging techniques in biology and medicine, includ-
ing the applicable length scales and temporal resolutions; adopted from
Fernéndez-Sudrez et al. [19]. Pictures of structures/organisms taken from

references [20-25] (left to right).
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1.2. Thesis Outline

In the context of this thesis, several fluorescence microscopy techniques providing a res-
olution beyond the diffraction barrier were implemented, refined and applied to answer
specific biological questions. Chapter [2| contains a brief introduction to the basics of
far-field fluorescence microscopy including the phenomenon of fluorescence, image for-
mation and a description of the microscopy techniques relevant within the context of
this work. In the last section of chapter 2| the super-resolution microscopy techniques
implemented and applied in this thesis are presented. Chapter [3] explains how dynamics
can be studied by relaxation and fluctuation methods in fluorescence microscopy. In
chapter {4 the microscopy setups that were implemented are described, including the
beam alignment procedure for the [STED] setup. In the following chapters, it is shown
how these machineries and methods were applied to various biological problems. In the
first section of chapter [5 the improvement in spatial resolution by [STED] is demon-
strated by means of various reference samples and biological specimens. In the second
section of chapter [5 the application of STED] to fluctuation spectroscopy is presented
because, in this thesis, microscopy has been combined with [raster image corre-|
[lation spectroscopy (RICS)| [26] as a new method to resolve dynamics in living cells.
Chapter [6] is focused on the rapid action of the glucocorticoid receptor in immune cells
as an important aspect of allergic disease introduced in the first section. Section two of
chapter [] is about the application of [total internal reflection microscopy (TIRFM)| [27]
including [luorescence recovery after photobleaching (FRAP)| [28], to study the spatial
distribution and redistribution dynamics of the glucocorticoid receptor at the plasma
membrane of mast cells, as response to allergen activation and homone treatment. This
section is followed by a summary including a proposal for further studies. Furthermore,
the organisation of intracellular filament assembly was visualized by means of PALM] as
presented in chapter[7] The structural integrity of cells is maintained by the cytoskeleton,
composed and connected to other cellular structures by various filamentous assemblies
of proteins including actin and desmin, respectively. As presented in the first section
of chapter [7] the organization of perinuclear actin in plant cells was studied in 3D by a
combination of super-resolution [PALM]| with z-stacking. Specific labeling of perinuclear
actin was achieved by steric hindrance of a tetrameric fluorescene marker, not binding
to other sub-populations of actin. The other protein under study was desmin (chapter
section two). Desmin forms intermediate filaments important for the function of car-
diac, skeletal and smooth muscle cells. Mutations in the gene encoding for the desmin
protein can lead to a disruption of filament assembly and the formation of abnormal
desmin aggregates, resulting in skeletal and cardiac myopathies. Therefore, the effects
of several desmin mutations on filament assembly was analyzed using dual color PALM]
These data contribute to the understanding of the structures and molecular assembly of
desmin in living cells. After demonstration of the versatility and practicality of far-field
fluorescence microscopy beyond the diffraction limit to answer essential questions in bi-
ology and medicine, this thesis concludes with a discussion as to further enhance and
apply the current techniques to continuing studies (chapter .
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2.1. Live Cell Imaging Using Visible Light Microscopy

In all microscopy techniques, the structures of interest, e.g., cells within an organism
or tissue sample or substructures inside a single cell, have to be discriminated against
background. For example, some parts of a specimen such as cell walls in plant cells show
a high natural absorption of visible light and can thus be studied by the application of
simple brightfield microscopy. In brightfield microscopy, the sample is illuminated by
visible light and the transmitted portion is imaged onto a widefield detector such as a
camera or the human eye. Image contrast is determined by the absorbance of dense areas
within the sample. Unfortunately, most cells and tissues show only poor contrast due
to low light absorption. In dark field microscopy, directly transmitted light is excluded
and only scattered light will enter the detector, significantly reducing the background.
However, the signal is usually very low for this method. Other optical properties of the
sample can be exploited to generate contrast, such as birefringence as in polarized light
microscopy or refractive index as in phase contrast microscopy (Fritz Zernike, 1942) [29].
[Differential interference contrast (DIC)|imaging patented by Georges Nomarski in 1952
is a refined implementation of phase contrast microscopy. In imaging, a beam
of polarized light is guided through a Wollaston prism, splitting the beam into two
fractions with perpendicular polarization. Those two beams are then focused such that
they propagate through the sample in close proximity, i.e., at a distance similar to
the optical resolution of the microscope. Index variations of the sample will result in
relative phase shifts between the two beams. The beams are subsequently refocused by
the objective lens before passing a second Wollaston prism yielding a single, recombined
beam. An analyzer blocks all light with the initial state of polarization, i.e., portions of
the two beams of perpendicular polarization that have traveled the same optical distance.
Yet, at locations where the two adjacent beams of perpendicular polarization propagate
through regions of different refractive index, such as cell membrane and outside medium,
the recombined beam will possess states of polarization different from the initial state
after interference at the second Wollaston prism. Thus, these portions will pass the
analyzer and contribute to the image.

Still, for many structures of interest, the contrast obtained by such methods is far
too low. Consequently, staining of the sample is required, artificially increasing, e.g.,
the absorption. Fluorescent molecules can also be used as markers to tag the target
structures. Fluorescence microscopy has become the most popular microscopy method
in biology, mainly for two reasons. First, structures of interest can be labeled in a highly
specific manner. This can be achieved by coupling the fluorescent markers to target
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structures using antibodies. Alternatively, fluorescent proteins can be expressed by the
cell itself. In this approach, the cells are transfected with a short DNA sequence coding
for a suitable fusion protein. Either the sequence encoding the fluorescent protein is fused
to the sequence of the protein of interest, or, to the sequence of a protein known to bind to
the structure of interest. The second reason is that fluorescence is spectrally red-shifted
and time-delayed. Thereby, scattered excitation light can be efficiently suppressed in
detection leading to excellent image contrast.

2.2. Fluorescence

2.2.1. Light-Matter Interaction

Whenever electrons are confined in space, e.g., as part of a molecule, a quantum sys-
tem with discrete energy levels is created. By absorption of a photon, this system can
evolve from the electronic ground state to an excited state. The energy difference can
be reemitted as a photon, usually red-shifted in wavelength compared to the excitation
photon. This red shift arises from partial conversion of the energy into phonons within
the absorbing molecule and relaxation of the surrounding solvent. Another characteris-
tic of fluorescence light is the time delay with respect to the absorption process. In the
simplest case, the fluorescence response can be described by an exponential decay with
a single, characteristic lifetime, similar to the description of radioactive decay in nuclear
physics. The fluorescence lifetime can be influenced by the surrounding molecules. This
dependence is of great importance for advanced microscopy techniques such as
[cence lifetime imaging (FLIM)| [30] or [Foerster resonance energy transfer (FRET)| [31].
For visible light microscopy, large delocalized electron systems with a high absorption
and a high quantum yield are preferred. They should also spectrally differ from strongly
fluorescent moieties naturally contained within the biological specimen under study, such
as the amino acid tryptophan or chloroplasts in plant cells. Let us start with a simple
system with two states, ¢ and j, of different energies, F; and E; > E;, with population
numbers, n; and n;, (Fig. . Absorption of an incident photon causes a transfer
of a molecule from state 7 to state j. The probability of that process is described by
the Einstein coefficient B;;. Since the process is reversible, a photon can also induce
emission of a second photon of the same energy and momentum from a molecule already

E—x
AN B,-j Aj,- Bj,-
E.

1

Figure 2.1.: Two state system of different energies, F;, E;, and, probabilities for ab-
sorption, B;;, spontaneous emission, Aj;, and stimulated emission, Bj;, of
a photon.
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in state j. This transition from the excited state, j, to the ground state, i, is termed
induced emission and is described by the coefficient Bj;, with Bj; = B;j, since it is the
inverse of absorption. Yet, in addition to the field of a second photon, quantum vacuum
fluctuations can also induce a relaxation from the excited state to the ground state, con-
sequently termed spontaneous emission, Aj;. Thus, the ratio of the number of molecules
residing in the ground state, n;, to the number of molecules in the excited state, n;, is
given by

ni _ I(v)Bji + Aji (2.1)

n; I(v)Bij
with the radiation density of a black body,
82 1

I(v) =

. - hy, 2.2

3 exp(hv/kpT) —1 (2:2)
including the density of states (first term; with photon frequency, v, and speed of light,
¢), bose-statistics (second term; with Planck constant, h, Boltzmann constant, kp, and
temperature, T') and the energy of the photon (last term). In thermal equilibrium, the
states are distributed according to Boltzmann’s law,

" _ exp <_(EJ—E)> . (2.3)

n; kBT
As a consequence, the relation between spontaneous and induced emission is given by

3
_ 8mhy Bi.

yw

ji (2.4)

3
Thus, the probability for spontaneous emission strongly depends on the frequency of
the photons, i.e., the energy difference of the states, AF = E; — F;. For visible light
(~ 500nm) and moderate excitation intensities, induced emission can be neglected and,
therefore, the rate of spontaneous emission is given by

dn; (1)
dt

= —Ajinj(t). (25)
Integration of equation [2.5] yields,
n;j(t) = n;j(0) - exp(—Ajt) = n;(0) - exp(—t/7R), (2.6)

with the radiative lifetime of state n; given by 7r = 1/A;;. Absorption, on the other
hand, is related to the dipole strength, D;;, of the electronic system,
472

Bij = 573 Dijs (2.7)

assuming that the energy of the incident photons is similar to the energy difference of

the states, AFE, and that the angular momentum is conserved. The dipole strength is
linked to the extinction coefficient, €;;, via

Dij = 9.81- 10—3/65@. (2.8)
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Because spontaneous emission is proportional to absorption, Aj;; oc B;j;, the extinction
coefficient is inversely related to the excited state lifetime. Therefore, strongly absorbing
molecules also display short excited state lifetimes; typical values of 7p observed for
fluorescent molecules are in the range of 1076 — 1079s.

2.2.2. Chlorophyll as an Example of a Fluorophore

Molecules with multiple conjugated double bonds are often fluorescent because the elec-
trons involved in those bonds can move effectively freely along the atom chain. A
prominent example of a fluorescent biomolecule is chlorophyll, responsible for photosyn-
thesis in plants. Chlorophyll absorbs light in the blue and the red range of the visible
spectrum. A central magnesium atom is surrounded by a planar arrangement of twelve
carbon and four nitrogen atoms (Fig. . The electron system can be considered as a
circular path for the electrons involved in the conjugated double bonds. The resulting
one-dimensional electron gas with spatial coordinate x consists of a total of 18 electrons,
considering that two are immobilized by the central Mg?t. The stationary Schrodinger
equation is given by R o

i = (T + V)i(z) = Bo(a). (2.9)

The contribution of the potential operator, V, to the Hamiltonian, H , can be neglected;
the kinetic energy operator, T, of a single electron of mass m,. is determined by the
angular momentum operator, L, and the moment of inertia, I,

N

L2 7,,2132 ]32

T = — = pr— . 2. 10
21 2m.r?  2me. ( )
Insertion of equation [2.10]in [2.9] and application of the momentum operator, p = —ihV,
results in
n? 02 >
- = . 2.11
S (@) = BU(@) (211)

The solution of this equation with respect to the periodic boundary condition, ¥ (z) =
Y(x +nL), is given by

Y(x) = N -exp <2W2]m> : (2.12)

with the quantum number, k& = {0,+1,42,...}, the length of the conjugated electron
system, L ~ 2.2nm, and a normalizing factor, V. Consequently, the distribution of the
energy states is determined by
B 212 h?
™ L2
Filling up the available states with a total of 18 electrons to account for the Pauli
exclusion principle results in an occupation of the states k = 0 — 4. Thus, F,5 is the
transition with the lowest energy gap for absorption of a photon, yielding an absorption
wavelength,

k2. (2.13)

mecl?
)‘chlorophyll = ﬁ = 440 nm. (214)
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Figure 2.2.: Light interaction of chlorophyll. (a) Structure of chlorophyll near the
central magnesium atom. (b) Electrons can move along the conjugated
bonds approximated by a circle.

This blue absorption band called Soret band [32] is the most prominent peak in the
visible light absorption spectrum of chlorophyll.

2.2.3. Electronic and Vibronic Coupling

Apart from electronic transitions, there are other modes of molecular excitation, i.e.,
vibration, rotation and translation. Since the nuclei have a much greater mass (factor
10%) compared to the electrons, they remain stationary (7,4 ~ 100fs) during absorption
of a photon (~ 11s). Yet, in general, the interatomic distances in the first excited singlet
state, S1, are different from the distances in the ground state, Sg. Due to the huge mass
difference, it can often be assumed that the electrons instantaneously follow the nuclear
movements, allowing for a separation of the overall wave function into its electronic and
nuclear components (Born-Oppenheimer approximation),

—

W(7, R) = ¢(7, R) - (R), (2.15)

with the wave function of the electrons, ¢(7, ﬁ)7 and the wave function of the nuclei,
®(R). The positions of the electrons and nuclei are denoted by 7 and R, respectively.
The dipole strength, D;;, is defined as the square of the absolute value of the matrix
element,

< yylerti > = / / (P8 ()7 (B) A7 (2.16)
= /cpj (7)o (7 dg*/é (2.17)

The second integral represents the overlap of the wave functions of the nuclei and is
known as the Franck-Condon factor [33,34]. Often, the interatomic distances are larger
in the excited state (Fig. ) Also, for higher vibrational modes, the probability
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of residence is increased toward the edges of the potential well. Thus, upon excitation
of the electronic system of a molecule, transitions to an excited vibrational state of Sy
are often more probable than transitions to the vibrational ground state of Sy, resulting
in an absorption spectrum as sketched in Fig. [2.3p. For the same reason, relaxations
to vibrationally excited states of Sy are more likely to occur than transitions to the
vibrational ground state of Sg. Therefore, the emission spectrum usually represents the
mirror image of the absorption spectrum (Fig. ) However, local vibrational modes
of high energy would result in a spectrum of several narrow, clearly separated peaks,
depicted as spikes. Yet, in a complex, polyatomic fluorophore there are also many global
vibrational modes of low energy. In addition to solvent effects, these low energy modes
result in a blurred structure of the absorption/emission spectrum. For many common
fluorescence markers the Sp o — S1,0 transition is still dominant but strongly broadened
due to a variety of low energy vibronics.

d a b
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Figure 2.3.: Franck-Condon principle. (a) Due to different molecular geometries in
the electronic ground state, Sp, and excited state, Si, the overlap of the
wave functions of the vibrational ground state of Sy is stronger for higher
vibronic modes of S; and vice versa. Illustration of the respective (b)
absorption and (c) emission spectra.

2.2.4. Other Energy Dissipation Processes

In addition to induced and spontaneous emission of a photon, other processes can be in-
volved in energy dissipation, usually summarized in a Jablonski diagram [35] (Fig. .
First of all, after absorption of a photon in the ground state, Sg, a higher vibronic mode
of the excited state, S1, may be populated due to the Franck-Condon principle. A quick
relaxation (~ 10712s) to the vibronic ground state occurs due to the coupling to other
local and global vibrations of the molecule. This loss of energy causes a red shift of the
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Figure 2.4.: Jablonski diagram depicting possible conversions between the electronic
ground state, S, excited states, S; and Sg, and triplet state, T1. The tran-
sitions include photon absorption, abs, emission of a fluorescence photon,
fl, internal conversion, ic, intersystem crossing, is, and phosphorescence,

po.

fluorescence photons, referred to as the static Stokes shift. By means of vibrational re-
laxation, a fluorophore can also return to the electronic ground state in a process termed
internal conversion. In an electric dipole transition, the spin is conserved. Thus, if the
ground state is a singlet state, only other singlet states are accessible by electric dipole
transitions. However, in S;, magnetic interactions, although very weak, can induce a
spin flip resulting in the population of a triplet state, T1, termed intersystem crossing.
Because the transition back to the ground state requires another spin flip, the triplet
state has a long lifetime (~ 1072 — 10?s). Furthermore, fluorophores can be excited to
higher electronic states, So. Molecules in higher electronic states typically relax to S;
via internal conversion and not via fluorescence emission (Kasha’s rule [36]).

The environment of a fluorophore can significantly influence the spectral properties of
the system. After excitation, reorientation of solvent molecules in favor of the different
molecular geometry of the S; state leads to a loss of energy. Subsequently, after fluores-
cence emission, energy is consumed by reorientation of solvent molecules to readjust to
the molecular geometry of the Sy state. Both relaxations cause an additional red shift of
the fluorescence light. The process is referred to as dynamic Stokes shift. In quenching
or external conversion, the energy is removed from the excited state by collision with
solvent molecules. Dipole-dipole interactions with other chromophores can lead to a
tranfer of the energy to a different molecule. This process, termed [31], can be
exploited to, e.g., resolve intramolecular distances. All these alternative pathways com-
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2. Far-field Fluorescence Microscopy

pete with the emission of a fluorescence photon. Thus, the fluorescence quantum yield,
®r, is defined as the fraction of absorbed photons that are reemitted as fluorescence
photons,

" kp+ ke + Kis + kg + ..

dp (2.18)
with the rate coefficients of the fluorescence decay, kg, internal conversion, k;., inter-
system crossing, k;s, and quenching, k,. The depopulation of the excited state, ni(t), is
given by the differential equation

dm (t) 1

dt = (kR+kic+kis+kq) 'nl(t) = 'nl(t)a (219)
TF

with the solution

ni(t) = n1(0) - exp(—t/7r). (2.20)

The experimentally observed fluorescence lifetime, 7, is the result of all processes by
which the system can return from the excited state to the ground state. Consequently,
the quantum yield can be expressed as the ratio of the observed lifetime to the lifetime
of the radiative decay, Tg, introduced in equation [2.6]

TF
TR '

Dy = (2.21)

2.2.5. Fluorescent Markers

An important aspect in fluorescence microscopy and other techniques that rely on the
reemission of fluorescence photons are the employed fluorescence markers. Fluorescent
markers should have a strong absorption and weak non-radiative deexcitation, i.e., a
quantum yield close to one. Furthermore, high photoresistance is important, especially
for extensive imaging over long periods and high resolution microscopy. In addition,
fluorescent markers need to be of small size (a few nanometer) to prevent alteration of
the structure to be observed and, in general, to keep sample perturbation at a mini-
mum. A popular class of markers in cell biology and medicine are small organic dyes
(Fig. ) Since the discovery of fluorescein in 1871 by Adolf von Baeyer, advances
in chemical synthesis have led to the development of a colorful ensemble of dyes with
spectra ranging from [ultra violet (UV)|to [infrared (IR)l Many of these dyes combine a
strong absorption, a high quantum yield and a high photostability. Such high-end dyes
also form the basis of super-resolution microscopy by means of [38]. In addition,
there have been advances in the development of photochromic probes, including rho-
damines and photoswitchable cyanines. Their ability to be optically switched between
a dark, non-fluorescent and a bright, fluorescent state is exploited in super-resolution
imaging [17]. Yet, application of such non-biological probes requires consider-
able effort in targeting proteins and other biomolecules. In so-called immunofluorescence
assays, antibodies are employed to couple fluorescent dyes to specific biomolecules for
visualization within cells or tissues. However, many organic dyes and antibodies are not
membrane permeable. Thus, in immunofluorescence assays, the cells are usually fixed,

12
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coating

Figure 2.5.: (a) Chemical structure of fluorescein. (b) Cartoon depiction of a
monomeric, GFP-like protein, view of the chromophore inside, adopted
from [37]. (c) Composition of a core-shell semiconductor quantum dot.

followed by membrane permeabilization and subsequent labeling. To study dynamics,
multiple batches of cells have to be fixed at different time points. Furthermore, im-
munostaining is often compromised by a low labeling efficiency. Also, the large size of
antibodies (~ 10 — 20nm) adds uncertainty to the position and/or extension of their
target structure, which is especially problematic in super-resolution microscopy.

Another class of markers are [luorescent proteins (FPs)l Biomolecules are labeled by
fusing the DNA sequence encoding the protein of interest to the sequence coding for the
[FP] This fusion protein is then expressed by the cell or organism of interest. Because the
fluorophore forms spontaneously, can be utilized as genetically encoded fluorescence
markers in essentially all living cells and organisms. No further invasive labeling steps
are required, which is a great advantage over immunofluorescence assays with organic
dyes. Also, since the entire labeled structure is a single fusion protein, [FP] staining is
extremely specific and efficient. The first [FP| discovered was [green Huorescent protein|
[(GFP)|of the jellyfish Aequorea victoria (avGFP) characterized by Osamu Shimomura in
1962 (Fig. ) After cloning the gene of avGFP by Prasher and co-workers in
1992 , avGFP could be recombinantly expressed in Escherichia coli and Caenorhab-
ditis elegans by Martin Chalfie and collaborators . These achievements were recog-
nized by the 2008 Nobel Prize in Chemistry. Orange and red highly demanded
due to the reduced scattering and cellular autofluorescence in the red spectral range
as well as the possibility for multicolor experiments, were identified in the late 1990s
and early 2000s [43-45]. More recently, [photoactivatable fluorescent proteins (paFPs)|
have emerged as powerful new tools for cellular imaging . Similar to pho-
tochromic dyes, these can either be switched reversibly between a fluorescent and
a non-fluorescent state (photoswitching), or they can change their fluorescence emission
intensity or color irreversibly (photoconversion). Photoactivatable have markedly
enhanced super-resolution microscopy including methods such as (F and
[reversible saturable optical fluorescence transitions (RESOLFT)|[49]. Unfortunately, the
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brightness and photostability of do not match the performance of non-genetically
encoded probes. A bright monomeric [FP] in the far-red spectral range including high
photostability has yet remained elusive.

A third class of fluorescence markers are artificial nanoclusters, including semiconduc-
tor[quantum dots (QDs)| (Fig. [2.5kc) [50], nanodiamonds [51] and metal nanoclusters [52].
Their brightness and photostability can exceed even the performance of organic dyes.
For example, no sign of photobleaching was found for fluorescent nanodiamonds even
after several hours of continuous excitation [53]. Thus, nanodiamonds are ideally suited
for 3D super-resolution imaging using they allow for repeated imaging of the
same region of interest without compromising signal or spatial resolution [54]. However,
specific tagging of biomolecules by nanoclusters is even more difficult than with organic
dyes. Also, these nanoparticles can be cytotoxic. For example, cytotoxic effects observed
for CdTe are a consequence of the release of Cd?T ions as well as the intracellular
distribution of these nanoparticles and the associated nanoscale effects [55]. Thus, until
now, their application in live cell imaging has been restricted to a few special cases. For
example, the blinking of quantum dots, a limiting factor for their application in single
particle tracking, has been exploited in a super-resolution microscopy variant termed
lsuperresolution optical fluctuation imaging (SOFI)| [56].

2.3. Resolution Limit in Optical Far-field Microscopy

2.3.1. Image Formation - the Lens as a Fourier Transformer

In the theory of image formation, Fourier optics is a helpful tool [57,/58]. Thus, in this
subsection, we define the Fourier transform of a function in position space, u(z), with
position variable, x, to frequency space with frequency variable, v, as

FT (u(z)) = / u(z) exp(—2mizv)der = U(v). (2.22)
—00
Subsequently, the inverse Fourier transform is defined as
o
FT Y U(@)) = / U(v) exp(2mive)dv = u(z). (2.23)

Image formation by a lens can be described by simple, geometric or ray optics (Fig. )
When using a single lens of focal length f to image an object, g(z,y), placed at a dis-
tance a in front of that lens, an image of the object, h(z’,1’), is formed at the distance
b behind the lens, determined by the lens equation,

1 1 1
?:a‘f‘g. (2.24)

The image formation process can be described by two sucessive Fourier transforms,

g(z,y) 77, G(v, ) 77, h(z', ). (2.25)
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g({c,y) leps G(\;ﬂ) h(x’.v)

b

g(x.y) lens Gvu lens h(x'y’)

Figure 2.6.: Lenses as Fourier transformers. Image formation using (a) a single lens
and (b) two lenses placed at a distance of the sum of their focal lengths.
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2. Far-field Fluorescence Microscopy

The first Fourier transform, i.e., the frequency space image, G(v, ), can be observed in
the back focal plane of the lens. The second Fourier transform of the object, h(z',y’), is
formed at the distance b behind the lens. Alternatively, a system of two lenses can be
used for imaging, one lens for each transform, placed at a distance corresponding to the
sum of their focal lengths, f; and fo (Fig. ) Since lenses can only perform forward
transforms, the image appears upside down on the screen in both cases. Due to the
identity, FT(FT (u(z,y))) = —u(z,y), the image is identical to the object. However,
in reality, a lens is not a perfect imaging system but suffers from aberrations. Let us
consider the limited aperture of a lens. This constraint can be modeled by introducing
a filter function, 7(v, u), into the Fourier plane. Thus, image formation is given by

9@y Z5 G, p) 22 v, w) Z5 ha,y). (2.26)

The simplest object would be a point source,
g(z,y) = Eod(x — 20)6(y — o), (2:27)

with the amplitude of the electric field, Ep, and delta functions, & (x — x0),0(y — vo),
modeling a point-source at position g, yg. Thus, the first Fourier transform yields

Gv,u) = A // Eod(x — 20)8(y — yo) exp(—2mi(va + py))dzdy (2.28)

= AEjexp(—2mi(vz + py)), (2.29)

where A is a phase factor with |A| = 1 and does not have to be considered, since we are
only interested in the intensity distribution, I = |E|?. As a filter function, we choose an
annular aperture,

_J L p=<po
7(p) —{ 0. p>pp (2.30)

where p = \/v2 + p?. Since 7(p) is a radially symmetric function, it is useful to switch to
polar coordinates for the second Fourier transform. With r' = /22 + ¢/2, 2’ = 7’ cos ¥,

y =7r'sind, p=+/v2+ u2, v=pcosp and u = psinp, we get
2T oo

h(r') = A’//EOT(p,go)exp(—27rz’pr(cosﬁcosg0—i—sinz?sinap))pdpdgo (2.31)
00

2m oo

- Al/ / Eor(p, ) exp(—2mipr cos(i) — ) pdpdp. (2.32)
0 0

With the zero order Bessel function of the first kind,

27
Jo(a) = % /exp(—ia cos(¥ — ¢))de, (2.33)
0
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2.3. Resolution Limit in Optical Far-field Microscopy

we obtain -
h(r') = QWAI/EoT(p, ©)Jo(2mpr)pdp. (2.34)
0
Insertion of the annular filter function, 7, yields
PO
h(r') = ZWA'/EOJ0(2wpr)pdp. (2.35)
0
Using the identity,
[ enmeae =anta), (2.36)
0

with the first order Bessel function, J;, we finally obtain

’ J1(27Tp0(7'/ + 7“()))
27Tp0(7“’ +7“0)

h(r'y = A (2.37)
as the image of a point source produced by a lens of finite diameter. In the literature,
this result is often denoted as limiting factor for the resolution in far-field microscopy.
However, this is only partially true. The so-called diffraction barrier is a consequence
of a much more general concept in physics, the uncertainty relation. The uncertainty
relation applies to any kind of measurement and states that position and momentum
of a particle are not independent from each other. The application of this principle in
optical far-field microscopy is presented in subsection

2.3.2. Image Resolution

Image resolution is determined by the ability to distinguish two structures from each
other by means of intensity contrast. Therefore, we need a criterion for the minimal
contrast required for such a discrimination [59]. A very popular one is the Rayleigh
criterion [60]. Here, it is assumed that two objects can be distinguished if the central
maximum of the diffraction pattern of one object coincides with the first minimum of
the diffraction pattern of the other object. According to equation the intensity of
the diffraction pattern of a point source on the optical axis is proportional to

2
I(r) <W) . (2.38)

For a thin lens of diameter d, pg = d/2 ~ sina/2\. The first root of Ji(x) can be found
at x =~ 3.83 and, thus,

1 A
Tmin = 3.83—— = 1.22——.
2mpo sin o«

(2.39)

The superposition of the intensities from two incoherent point sources at this minimal
resolvable distance is shown in Fig. [2.7h; a clear contrast is visible. For coherent sources
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2. Far-field Fluorescence Microscopy

emitting in phase, the amplitudes have to be summed up before computing the square.
In the resulting intensity distribution, there is no contrast visible at all (Fig. )
Luckily, for fluorescene microscopy, we can assume that fluorophores are incoherent
sources. The Sparrow criterion is another possibility to define the resolvable distance
between two structures. It is based on the fact that the human eye is very sensitive to
changes in intensity. Hence, two objects count as resolved if their superimposed intensity
distribution exhibits a minimum along their connecting line,

d’1
<2> =0. (2.40)
dr P=Tmin /2
Application of this condition to the Bessel function results in
A
Tmin = 0.95——, (2.41)
sin «

for two incoherent point sources and

A

sina’

Fmin = 1.46 (2.42)
for two coherent point souces, respectively (Fig. ,d). Thus, the Sparrow criterion
performs equally well for both, incoherent and coherent sources. However, in a real
experiment, the intensity distributions are overlaid by noise impeding the identification
of a minimum along the connecting line as defined by Sparrow. Consequently, the
Rayleigh criterion is more popular in fluorescence microscopy.

2.3.3. The Role of the Objective Lens

Often, the resolution limit in light microscopy is attributed to the limited aperture of
the objective lens. However, this is only partially true. As stated by Ernst Abbe in
1873, the minimal resolvable distance, dpin, in far-field microscopy is given by

Ao

2nsina’

Amin = (2.43)
where Ao denotes the vacuum wavelength of the light employed, n the refractive index of
the medium surrounding the sample and « the half angle of the objective aperture. Yet,
the angle can only be increased to a maximum of 90°, and, therefore, even with an infinite
aperture of the objective lens, the resolution remains finite. A higher resolution, by
means of the objective lens, can only be realized using a sample immersion medium with
a high refractive index. The gain in resolution results from shifting the light employed,
Ao, to shorter wavelengths, X', within the medium,

_ %o

n

N (2.44)

In photolithography, the use of high index fluids is a common practice to produce smaller
structures [61]. For biological specimens, this technique cannot easily be applied since
they often require water (n = 1.33) as an immersion medium.
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Figure 2.7.: Intensity distributions as the sum (solid lines) of two point sources (dashed
lines) at various distances determined by different resolution criteria. (a)
Rayleigh criterion, incoherent light. (b) Rayleigh criterion, coherent light.
(c) Sparrow criterion, incoherent light. (d) Sparrow criterion, coherent
light.

2.3.4. Resolution Limit in Optical Far-field Microscopy

As an electromagnetic wave, light fulfils the wave equation,
V23 + ki = 0. (2.45)

Therefore, at a distance far from the source, the electric field, E(7,t), at position 7 and
time ¢ can be discribed as

-

E(F,t) = Ege tFr—wt) (2.46)

with the field amplitude, Eo, the wave vector perpendicular to the direction of propaga-
tion, E, and the frequency of the electromagnetic wave, w. Let us imagine a point-like
source homogeneously emitting in all directions. The purpose of a microscope is to col-
lect as much of the emitted light as possible and to refocus it to create an image on
a suitable detector. Thus, one could think of a reflecting ellipsoid as the most perfect
objective lens, by placing the source in one focal spot and the detector in the other
(Fig. . A general principle in physics is the uncertainty relation as found by Werner
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2. Far-field Fluorescence Microscopy

Figure 2.8.: Reflecting ellipsoid as a perfect imaging system. Every photon of momen-
tum k originating from focal point, F}, ends up in the other focal point,
Fy.

Heisenberg in 1927 [62]. Its essence is that two conjugate variables of a particle cannot
be measured with infinite precision at the same time. For the uncertainty in position,
dx, and in momentum, dp, of a particle,

0xdpy > h or dxdk, > 27. (2.47)
In x direction, the wave vector, k,, can assume values of
— |ko|sina < ky < +]ko|sina, (2.48)

where |kg| = 27 /o according to the de Broglie relation [63]; Ag is the wavelength of the
photon detected. Since the (co)sine function can only assume values between —1 and 1,

the range of values for k, is,
- 4
Sky = 2|ko| = —. (2.49)
Ao
Plugging this into the uncertainty relation yields

_ %o

ox 5

(2.50)

Thus, the resolution is fundamentally limited. For the Fourier approach in subsec-
tion this means that the bounds of integration are restricted to \Emax\ = 27/ Ao,
higher values cannot be transmitted in the far field. All frequencies allowed lie on the
so-called Ewald sphere (Fig. . For an ellipsoid as imaging system, there is no differ-
ence between lateral and axial resolution because the light is collected from all directions
(4m). However, for a single objective lens, fluorescence is detected from half of the spatial
angle only (27). With the half angle of the objective aperture, a < /2, the wave vector
in lateral direction is
ok, 2w

5 " - sin av. (2.51)
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Figure 2.9.: Lateral and axial resolution determined by the Ewald sphere. Frequen-
cies above 27 /) are not accessible. Also, for a single objective lens, the
collection angle is limited to o < /2.

According to equation [2.47] we obtain for the lateral uncertainty,

Ao

2sina’

Sr = (2.52)

which is the famous Abbe equation. In axial direction, the wave vector is determined by

ok 2 ing 4
= —" tany = Moina. 2 = g2 @ (2.53)

ok,
2 Ao cos§ Ao 2

Application of the uncertainty relation yields

Ao

~ 92sin? (%) ’

5z (2.54)

for the axial resolution. Often, the relation between dk, and dk, is approximated by

5k \ 2 . .
5 ) = 0k=(lkol — 6k=) =~ ok |kol. (2.55)

resulting in
Ao

0z = 5

- . (2.56)
sin® v
These are the results for a single photon. If we have N photons, however, and can assure
they are emitted from the same spot, the uncertainties must include a factor of 1/v/N.
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For example, the lateral uncertainty becomes,

Ao

or=—.
2sina\/ﬁ

(2.57)

This is an interesting result, as it tells us that, by isolating the source from other emitters
nearby, the resolution is governed by a marker property.

Here, the resolution limit is presented as a consequence of the uncertainty relation. In
the original work of Heisenberg entitled 'the gamma microscope’ [64], the uncertainty
relation is motivated by Abbe’s resolution limit, proving the ubiquitous application of
quantum mechanics. Nowadays, the universal validity of the uncertainty principle has
been proven in a multitude of different experiments and, therefore, Abbe’s equation can
be considered as a result of this principle.

2.4. Microscopy Techniques

2.4.1. Widefield Epifluorescence Microscopy

In widefield microscopy, fluorescence light is collected from a large area by an objective
lens and imaged onto a detector array such as a |charge coupled device (CCD)| camera
or the human eye. Usually, the field of view is illuminated via the same objective lens
as the one used for detection, termed epi-illumination. The magnification of the object,
M, is given by the focal width of the objective lens, fo;, the tube lens, fry,, and their
respective distance, T,

T = frm

M = .
fobjfrol

(2.58)
Yet, this factor determines sampling only, the resolution of a widefield microscope is
limited by the wavelength of the fluorescence light, A\, and the of the objective lens

(see subsection [2.3.3). According to subsection [2.3.4}

ot = —— (2.59)

2n sin o
for the resolution in the lateral and

A

2.60
2n sin? (%) ( )

daxl =

for the resolution in the axial direction. However, in this configuration, the entire sample
is illuminated in the axial direction. The objective lens cannot discriminate between
fluorescence light from different planes, which will result in high background depending
on sample thickness. This obfuscation of the signal from the focal plane compromises
contrast amongst sample structures, especially in the axial direction.
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2.4.2. Confocal Microscopy

In confocal microscopy, a point-like light source is imaged into the sample via an objective
lens and, thus, only a single spot is illuminated in the object plane. According to
equation the electric field in this spot, E(7), is given by

- . 2J;(koFnsin o -

B() = By Zhormsine) _ g, (2.61)

koTn sin

termed excitation [point spread function (PSF)| of the microscope. Light emanating
from this focal spot is collected, usually by means of the same objective lens. Signal
photons are separated from the excitation light via a beamsplitter and imaged onto a
point detector located in the same focal plane as the source, i.e., confocal to the source
(Fig. . Thus, the amplitude of the electric field in the image plane is given by the
product of the excitation and detection [PSF]

Eaet(F) = Eg - exe(P) - aget (' — 7). (2.62)

Often, a circular aperture, a so-called pinhole, is placed into the image plane at position
r’ = 0, eliminating light emanating from sources outside the focal plane. Consequently,
the resulting amplitude registered by the detector is given by

Eiet(F) = Ep - texe(7) - aget(F) = Ep - a2(7). (2.63)

The signal of a confocal microscope is described by the product of the excitation and

source

i

u detector
Figure 2.10.: Confocal Microscopy. A point-like source is imaged into the sample by a
lens system. Sample photons are collected by the objective lens and sep-
arated from excitation light by a beamsplitter (BS) before being focused

onto an aperture in front of the detector. By this aperture, out-of-focus
light is blocked, resulting in an excellent optical sectioning capability.
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2. Far-field Fluorescence Microscopy

detection An image is acquired by scanning the focal spot across the sample. The
signal intensity at the detector is given by

Lot (F) = I - a*(7). (2.64)

Since, in fluorescence microscopy, we can assume to work with incoherent emitters, the
Rayleigh criterion can be applied to calculate the resolution of a confocal microscope.
Yet, due to the unchanged position of the minima, there is no improvement in resolution
compared to widefield microscopy. However, application of the Sparrow criterion results
in a slight lateral resolution improvement,

A

nsina’

dmin = 0.32 - (2.65)
since the second derivative of JZ(x) features a root at x ~ 1.08. More importantly,
the pinhole allows for axial sectioning of the sample. Since the fluorescence light is
not directly focused onto the detector but onto a pinhole first, light emanating from
out-of-focus planes is efficiently blocked.

2.4.3. Total Internal Reflection Microscopy

is usually implemented as a widefield technique [27]. In the sample
is immersed in a medium of lower refractive index (e.g., water, ny = 1.33) than the
medium used to inject the excitation light (e.g., glass, n; = 1.52). If propagating at an
angle greater than the critical angle, aqit,

n
Sin Qi = —, (2.66)
ni
the excitation light will be totally reflected at the interface, zy. Yet, due to the continuity
conditions,

_’water (ZO) = Eglass (ZO) , and (267)
0 - 0 -
a Water(ZO) = &Eglass(ZO)a (268)

the electric field, E, cannot instantaneously decay to zero. Before reaching the critical
angle, the transmitted electic field, Fy(7,t), at position 7 and time ¢ can be described
by [65]

E\(7,t) = Egexp(i(ky7 — wt)). (2.69)
Choosing the coordinate System in a way that incident, reflected and transmitted waves

lie within the xz-plane (Fig. |2 , the individual components of the wave vector, kt,
can be written as

ke = |k|sinB, (2.70)
ki, = 0,and (2.71)
ki, = |l§t|cosﬁ. (2.72)
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Figure 2.11.: Incident light of wave vector k; is transmitted, k?;, and reflected, k;, at
an interface of two media of different refractive index, ni > no.

Using Snell’s law, n sin o = ng sin 8, we obtain

ko = ]I%]Esina, (2.73)
n2
kiy = 0, and (2.74)
— n2
ki, = *|k/1— —5sin®o (2.75)
Ny

For angles a > apit, the expression under the square root becomes negative,

7 T'L% <92 5
kt , = Lilk:] —ysin®a - 1= :|:z§. (2.76)
2

Thus, the electric field,
By(7,1) = Boe 32! kelemy sina—wt) (2.77)

describes a wave that travels parallel to the surface and decays exponentially perpendic-
ular to the surface. The intensity of this evanescent field is given by

I(z) = Ipexp(—dz). (2.78)

With the definition of the critical angle, the de Broglie relation, ko = 27 /A2, and the
vacuum wavelength, A\g = nAs, the excitation depth, d, can be written as

5— 4mng \/sin2 a — sin? it ' (2.79)

Ao
With common experimental parameters, § is in the range of 50 — 150 nm and, thus, only
fluorophores within this depth are excited. In contrast to standard widefield microscopy,
no fluorescence from out-of-focus planes is created. Therefore, this technique provides
excellent image contrast but is limited to the imaging of structures close to the index

step such as cell membranes.
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2. Far-field Fluorescence Microscopy

2.5. Super-resolution Microscopy

2.5.1. Localization as Key to Super-resolution

Long before super-resolution techniques such as[STED| and [PALM] were invented, it was
known that single, point-like emitters can be localized with great precision, much better
than the image resolution itself (compare subsection. So why has it taken until the
1990s that and the mid 2000s that [PALM] have first been demonstrated? The lo-
calization of fluorophores is only feasible for spatially well separated molecules. As soon
as the density of markers increases beyond the optical resolution, localization becomes
impossible. However, as already noted by Harry Nyquist [66] in 1928, the sampling
frequency has to be at least twice as high as the frequency of the signal to be measured,
or, as formulated by Claude E. Shannon in 1949, the maximum bandwidth available is
limited to less than half of the transmission frequency [67]. In the case of fluorescence
microscopy, the marker density along a single dimension has to be at least twice as high
(2!) as the desired spatial resolution. Consequently, for a three-dimensional structure,
the required number of labels within a single, optically resolved volume element must
be at least 22 times higher; thus, the of the individual emitters overlap. There-
fore, besides marker localization, a second ingredient is essential for super-resolution
microscopy. To ensure spatial separation, only subsets of markers may emit fluorescence
at a particular point in time. The sampling criterion is met by a sequential repetition
of a separation step followed by marker localization. During localization of a subset of
markers, all surrounding markers need to be shut off, ideally by an optical mechanism.
This demand for an effective off-switching mechanism poses several challenges for STED]
as well as[PALM] In[STED|microscopy, fluorophores are switched off by stimulated emis-
sion. The cross section for this process is usually very low, so high power densities are
required which are only feasible in a confocal setup, where all light is focused into a sin-
gle spot. The principle of confocal microscopy was already patented in 1957 by Marvin
Minsky. Yet, it took twenty more years and several technical innovations to be able to
apply 3D laser scanning to biological specimens labeled with fluorescent markers, as in
1978 by Christoph and Thomas Cremer [68]. It became a standard technique only by the
end of the 1980s. Furthermore, besides suitable instrumentation including powerful laser
sources, high-end fluorophores enduring hundreds to thousands of excitation-depletion
cycles required for [STED] microscopy were only recently developed. In regard to in-
strumentation, [PALM] is not as demanding as [STED] as it can be performed on any
fluorescence microscope with high-sensitivity widefield detection. However, in
markers are stochastically activated from a non-fluorescent state. Thus, the markers
used must provide a suitable, preferably optical switching mechanism. Although pho-
tochromism had already been discovered at the end of the 19th century, these compounds
could only recently be applied as fluorescence markers to label biological specimens. For
example, in 2002, the first photoactivatable variant of a[FP| was generated by mutagene-
sis of the original [69]. Furthermore, in the super-resolution image requires
intense post-processing of the data, involving computational power widely available only
on present-day computers.
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2.5. Super-resolution Microscopy

2.5.2. Targeted Switching

In microscopy, the markers surrounding the point of interest are prevented from
contributing to the detected signal by inducing stimulated emission. A [STED]microscope
is based on a confocal design. Thus, markers are localized by positioning the focal spot
within the sample. Using a piezo stage, for example, the localization precision can
easily be on the sub-nanometer scale. Yet, despite this great mechanical precision, the
extension of the focal spot is still limited by diffraction, as discussed in subsection [2.3.4
Thus, the signal of all markers within this excited spot overlap, blurring the final image.
Therefore, stimulated emission is induced for those markers that are not within the
center of the focal spot. This is achieved by overlaying the excitation beam with a
second, spectrally red-shifted beam with zero intensity in the center but high intensity
towards the outskirts. As a result, fluorophores not in close vicinity to the center of
the excitation spot are deexcited by stimulated emission before they can spontaneously
emit fluorescence photons (Fig. . Hence, the effective is confined to a sub-
diffractional volume. Still, the signals of all marker molecules are needed; an image is
reconstructed by scanning across the sample with an adequately small step size.
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Figure 2.12.: principle. (a) After excitation (koy), the bright fluorescent state
of a marker can be depleted by stimulated emission (k.g). Hence, by
overlaying the excitation [PSF] with a second, spectrally red-shifted beam
with zero intensity in the center, [STED] yields a smaller effective [PSF]
(b) By scanning both beams across the sample with a sufficiently small
step size, a super-resolution image is obtained.
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2. Far-field Fluorescence Microscopy

2.5.3. Fluorophore Switching by Stimulated Emission

In a[STED]microscope, the fluorophores within the excitation volume undergo transitions
between the ground state, Sy, and the excited state, Sy,

Sp == 5 (2.80)
ka,ksTED

assuming the transition from the excited state back to the ground state is dominated
by emission of a fluorescence photon, either by spontaneous emission, kg, or stimulated
emission, ksTgp. The fluorophores can be excited and deexcited either by pulsed or
lcontinuous wave (CW)|lasers. In pulsed a short, d-like excitation pulse, lexc(),
at time o induces a transition of the fluorophores from Sy to S; [38]. The excitation is
immediately followed by a [STED] pulse,

Iy, to <t <to+TsTED

IsTED(1) = { 0. else : (2.81)

of duration 7srEp, to depopulate the excited state (Fig. ) Thus, only a tiny
fraction of markers can spontaneously emit fluorescence. In [CWJSTED] a constant
depletion intensity, I(t) = Iy, is applied. Thus, at the same average depletion power
as in pulsed the power density is much lower resulting in a slower depopulation
of S1. In this depletion mode, excitation can either be pulsed (Fig. [2.13b) [70] or
continuous (no periodic time structure) |71]. With pulsed excitation, the fluorescence
emission can be time-gated (7, dotted line) to help to cut down the average power
requirement of for a depletion equal to pulsed (dash-dotted line). In
contrast, continuous excitation is a stochastic process and, thus, the intensity of the
depletion beam must be very high to ensure depletion before spontaneous emission at
any time. A quantitative discussion of the fluorescence quenching by pulsed [STED] as
well as can be found in reference [72]. In pulsed the excitation pulse
is immediately followed by the pulse (t = 0). Therefore, the time dependence of
the population number of the excited state, Ny (t), is given by

dNy(t
dlt( ) _ — (kg + ksTED) N1 (2). (2.82)
The solution of this first-order differential equation is
Ni(t) = N1(0) exp(—t(kg + ksTED))- (2.83)

The number of fluorophores remaining in the excited state after a[STED]pulse of duration
T is given by

Ni(t+7) = N1(0) exp(—(tkg + 7k + tksTeDp + TksTED))- (2.84)

The pulse is applied within a very short period compared to the lifetime of the
excited state, 7 < 1/kg, this term can thus be neglected. Also, at times ¢ > 7, no more
stimulated emission is performed, kgrpp(t > 7) = 0, resulting in

Ni(t+7) = Ni(0) exp(—(tka + ThsTED))- (2.85)
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2.5. Super-resolution Microscopy
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Figure 2.13.: |STED|modes. (a) In pulsed [STED| a short, d-like excitation pulse Iexc(t)
at time ¢ is immediately followed by a |[STED| pulse IsTep(t) of length

TeTED during which the excited state, Sy, is depopulated (solid line). (b)
In[CW}STED| with pulsed excitation, a constant depletion intensity, Iy, is
applied. Thus, at the same average depletion power as in pulsed [STED]
the power density is lower resulting in a slower depopulation of S; (solid
line). However, the fluorescence emission can be time-gated (7¢, dotted
line) to help to reduce pre-depletion fluorescence to the same level as
with pulsed depletion (dashed-dotted line).

Experimentally, the number of fluorophores remaining in the excited state can be eval-
uated by collecting the fluorescence photons, Fsrgp. Therefore, we integrate over time
t=0— oo,

Fstep = Ni(0) / exp(—(tha + TkstED))dt (2.86)
t=0
1
= Nl(o)]?ﬂ exp(—7ksTED). (2.87)

The efficiency, 7, can be calculated by relating Fyrgp to the fluorescence in the
absence of depletion, Feonfocal = N1(0)/kaq,

_ FstED

15 = exp(—TksTED)- (2.88)
confocal

Besides the duration of the depletion pulse, the probability of stimulated emission de-
pends on the effective cross section, ogTEp, and the intensity of the STED] pulse inducing
the emission, IsTgp. Thus, we obtain

1 = exp(—TosTEDISTED)- (2.89)

Experimentally, the effective cross section for stimulated emission is difficult to access.
Therefore, we replace it with the saturation intensity, Ist, representing the [STED] in-
tensity at which half of the population of the excited state is quenched to the ground
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2. Far-field Fluorescence Microscopy

state,

In2
Tt = ——. (2.90)
TOSTED

Thus, the STED] efficiency becomes,

N = exp (—ISITED In 2) : (2.91)

sat

As aresult, it can be seen that stimulated emission is a suitable off-switching mechanism.
More importantly, spontaneous emission of fluorescence photons can be suppressed by
a non-invasive, optical far-field method, a crucial finding towards the implementation of
far-field optical microscopy beyond the diffraction limit. For resolution enhancement,
the shape of the depletion pattern has to be considered, too, as will be discussed in

subsection 2.5.41

Yet, at this point, the laser intensity required for a significant resolution increase can
already be estimated. Stimulated emission is in direct competition with spontaneous
emission. The fluorescence lifetime, 74 = 1/kg, of common dyes is in the range of a
few nanoseconds. For a significant increase in spatial resolution, the rate of stimulated
emission should be at least as high as the rate of spontaneous emission. Thus, we can
start with

ksTED = kg = 109s 1. (2.92)

The intensity necessary to induce sufficient stimulated emission is

Exkstep  hcksTED
- )
OSTED A OSTED

IsTED A = (2.93)

with the energy of a depletion photon, E\ = hc/A. For common dyes, the effective cross
section for stimulated emission is ~ 1076 cm? [73]. Assuming a depletion wavelength of
750 nm for a red fluorescent dye,

6.6-10734J-5-3-10%m-s1-109s71
0.75-10=6m - 1016 ¢cm?

ISTED,750nm = ~ 2.6 MW/CH]2. (2.94)
This is a quite high power density. In a widefield microscope, power densities are in the
kW /cm? range using common laser sources. Thus, microscopy is only feasible in
a confocal setup. However, other transitions with much lower saturation intensities than
stimulated emission can be used to deplete the active state of the fluorescent markers
around the center of the excitation beam. Such transitions include triplet state pop-
ulation [74,|75] and cis-trans isomerization of photoswitchable fluorophores [49,76|77].
All targeted, depletion-based super-resolution techniques have been summarized by the

term [RESOLFT| microscopy [49].
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2.5. Super-resolution Microscopy

2.5.4. Resolution in Depletion Microscopy

In a microscope, a phase mask is inserted into the depletion beam path to modify
the shape of the resulting focal spot in the sample plane. For resolution enhancement, the
depletion pattern must feature at least one intensity zero along the direction of interest.
In this work, two different phase masks were utilized, one for resolution improvement in
the zy-direction, the other one for improvement in the z-direction (Fig. [2.14p,d). The
first design (VPP1a, [RPC Photonics|, Rochester, USA) adds a helical phase retardation
of 0 — 27 to the depletion beam. If the light passing the phase mask has a circular
polarization with the same sense of rotation as the mask, a circular, ring-shaped pattern
is created in the xy-plane after focusing by an objective lens (Fig. ) However,
with this phase mask, the intensity distribution in z-direction is unaffected. Therefore, a
second design was used when a resolution improvement along the z-axis was required [78].
In that design, the light passing the inner circle is phase-shifted by 7 relative to the light
passing the outer part. The resulting pattern after focusing exhibits two strong lobes in
axial direction with zero intensity in the center (Fig. [2.14f). Similar to the helical phase
mask, a ring-shaped pattern is created in the zy-plane. Yet, the intensity of the ring
structure is weak compared to the lobes in axial direction. Thus, an isotropic resolution
enhancement requires combination of both depletion patterns. For quantification of the
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Figure 2.14.: (a,d) Helical and circular phase mask. (b,e) zy- and zz-images of the
resulting after focusing obtained by measuring reflection off 80 nm
gold beads (GC-80, BBI, Dundee, UK). (c,f) Cross sections along the
z- and z-axis of the depletion patterns (squares), respectively, with the
central zeros approximated by parabolas (red lines). Scale bar, 300 nm.
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2. Far-field Fluorescence Microscopy

resulting resolution enhancement, the shape of both depletion patterns around their
central zero (Fig. ,f) can be approximated by a parabola, y = a?r? [72].
defining 4IsTED max as the maximum intensity present within the depletion pattern, we
obtain

IsTED = 4ISTED max’r?. (2.95)

The Airy pattern of the focused excitation beam can be well approximated by a Gaussian
distribution of [full width at half maximum (FWHM)| dcon,

Foont(r) = Fy - exp (_W> . (2.96)

dconf

To compute the detected fluorescence, the excitation pattern has to be weighted with

the STED)| efficiency, n, (equation , resulting in

41 2 41n(2)1 2p2
conf sat
The resulting [PSF]is a Gaussian distribution of FWHM] dstgp,
d
ol (2.98)

dsTED =
\/ 1+d?

2 ISTED
conf®

Sat

As a consequence, even though the pattern of the beam itself does not display
a finer structure than the excitation beam because it is limited by diffraction as well,
an effective feature below the optical resolution is created. This saturation effect is
visualized in Fig. Here, the image intensity represents the power density of the
[STEDHPSEF] and, the maximum of the color map represents the saturation intensity,
IstED, of the dye. Thus, it can be seen that only a sub-diffractional population around
the central zero escapes depletion by stimulated emission; its spatial extension decreases
with increasing intensity.

increasing depletion intensity

Figure 2.15.: Depletion pattern at increasing depletion intensity and constant satu-
ration intensity. A sub-diffraction sized pattern emerges. Scale bar,
300 nm.
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2.5.5. Stochastic Switching in Localization Microscopy

In recent years, a variety of localization-based super-resolution methods have been devel-
oped independently. Among these are [15] or [16] and [17]. In
localization-based concepts, fluorescent markers are optically switched between a bright
and a dark state and imaged with a camera-based, widefield-type microscope. The ac-
tivation of the individual markers to the bright fluorescent state occurs sparsely and
stochastically distributed over a large area, thereby avoiding spatial overlap of the sig-
nals of the molecules within one single image (Fig. [2.16]). The positions of the markers
within the image can subsequently be determined by software [79]. Depending on the
number of photons collected per emitter, their locations can be measured with a much
higher precision (equation than the width of their i.e., the optical resolution
of the microscope (equation. To meet the sampling criterion, other subsets of mark-
ers are switched to their bright states and imaged after bleaching and/or off-switching
of the prevenient subset of markers. This procedure is repeated until the entire marker
population is captured. In a final step, the positions of all molecules are combined in a
super-resolution image. The resolution of such a fluorophore density map is no longer
determined by the optical resolution of the microscope, but by the localization precision
of the individual markers.
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Figure 2.16.: |PALM]| principle as explained in the text.

2.5.6. Resolution in Localization Microscopy

As long as the labeling density is high enough to fulfil the sampling criterion (subsec-
tion , the resolution of a localization-microscopy image depends on the localization
precision of the individual markers. As noted in subsection the uncertainty of the
position, Az, of a single, point-like emitter decreases with increasing number of photons,
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2. Far-field Fluorescence Microscopy

N, detected. With the of the objective lens, nsin «, equation becomes

A 1 1
_ ) —g. . 2.99
2nsina /N 5 VN ( )
The following derivation of the overall localization error is based on a publication by
Thompson et al. [80]. According to equation the variance of the uncertainty in
position is given by

Az

(Az)? = ]\2] (2.100)

v

This would be true for a perfect detector in the absence of background noise. However,
a camera detection area is subdivided into individual pixels. Therefore, we have to
introduce pixelation noise, arising from the fact that we do not know where the photon
arrives within a single pixel of size a, adding to the uncertainty,

52 a?

2
(Az)” = N + N (2.101)
where a?/12 is the variance of a rectangular (top-hat) distribution of size a. The uncer-
tainty is further increased by background photons originating from random positions or
counting events produced by the detector itself. Assuming that least-squares fitting is
applied to determine the marker locations, we can start with the criterion that the sum
of the squared errors,

GOEDY s = Ni@))" (2.102)

is minimized, with the events, y;, detected in each pixel, i, the expected number of
counts, N;(z), from a particle located at x, and the expected uncertainty in counts, 012.
The uncertainty in counts can be separated into photon-counting and background noise,
ba

o = Nj(z) + b* (2.103)

Application of the condition for the minimum, dy?(z)/dx = 0, results in an equation for
the measured position . In a first order approximation, the mean square error can be

expressed as
1

5
dNi (:L‘) 1

Zi < dx Z)

Replacing the sum with an integral and taking only background noise into account results

m
4ﬁ83b2
2 _
(Azpig)” = NT

for a single dimension. Usually, the position of a molecule is determined within a two-
dimensional image. Here, the background induced variance becomes

(Az)? = (2.104)

(2.105)

8 sih?
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2.5. Super-resolution Microscopy

Thus, the overall variance in the position of a single source detected by a camera is given
by
2 2 432
s a 8ms*b
Az = o —— b
(Az) N 12N a?N?
Notably, the pixelation noise decreases, whereas the background noise increases with
smaller pixel size. The transition between the two regimes occurs at

(2.107)

a® 8mstb?
— = . 2.1
12N a?N? (2.108)
Consequently, the best ratio of pixel size to spot size, a/s, can be found for,
a\4  96mb?
) = 2.109
(s) N’ ( )

and, thus, depends on the number of photons emitted by the fluorophore. The optimal
ratio is important for microscope construction. As fluorescent dyes generally have a
higher photon yield than fluorescent proteins, the pixel size in imaging (70 —
100nm [81}82]) is usually chosen a bit smaller than in imaging (100 — 130 nm
[15,/16]).

2.5.7. Fluorescent Markers for Localization Microscopy

In localization microscopy, and synthetic dyes are the most frequently employed
markers. Up to now, synthetic dyes are brighter and more photostable than[FPg allowing
for a higher localization precision. As an example, for the photoswitchable fluorophore
pair Cy3-Cy5, ~ 6000 photons per switching cycle of a single pair were reported [83|84].
For tdEosFP, one of the brightest [paFPs| for PALM] imaging, only ~ 2600 photons were
detected per molecule [85]. Furthermore, popular monomeric FPs often only yield a
few hundred detected photons before they bleach [86]. However, even with only a few
hundred photons per fluorophore, a ten-fold resolution enhancement is feasible, and,
unlike synthetic dyes, are ideally suited for in vivo experiments because they can
be expressed by the cell itself [87,[88]. In contrast, synthetic dyes usually require high
concentrations of reductants inducing photoswitching, as well as additional labeling pro-
cedures that often limit their application to fixed specimens [83,89]. Noteworthy, in
addition to and synthetic dyes, nanocrystals have been employed in localization mi-
croscopy, too. They show great promise due to their high brightness and photostability.
Nevertheless, we have employed in our in wvivo localization microscopy studies
because of their excellent biocompatibility.

can be subdivided into different classes according to their response to light
irradiation. The photoreaction can either by irreversible, termed photoconversion or
reversible, termed photoswitching. Photoconversion results from changes in the covalent
bonds of the chromophore or amino acids close by. These modifications either cause
a conversion from a non-fluorescent to a fluorescent state, or, a change of the emission
color of the fluorescent state. Photoswitching results from a cis-trans isomerization of the
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2. Far-field Fluorescence Microscopy

chromophore accompanied by conformational rearrangements of amino acids in its vicin-
ity. The photoswitching mode is defined by the switching direction during excitation. If
irradiation of the excitation wavelength populates the non-fluorescent state, the protein
is called a negative photoswitcher. If irradiation of the excitation wavelength populates
the fluorescent state, the protein is called a positive photoswitcher. In Fig. photo-
conversion and photoswitching is illustrated on the basis of IrisFP, a[paFP|that combines
the two photoactivation modes [86,90]. IrisFP is reversibly switchable in the green, and,
after violet light-induced photoconversion, becomes a red reversibly switchable marker.
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Figure 2.17.: Photoactivation modes of IrisFP. In the cis conformation of the green
chromphore (cg), fluorescence can be excited with 488-nm light. The
excitation wavelength isomerizes the chromophore to the non-fluorescent
trans conformation (tg). This process can be reversed by 405-nm light.
Extensive irradiation with the same wavelength induces a backbone cleav-
age in the green chromophore, thereby adding covalent bonds to the con-
jugated m-electron system. Fluorescence of the red cis chromphore (cr)
can be excited by 561-nm light. Again, the excitation wavelength induces
switching to the non-fluorescent trans conformation (tr), which can be
reversed by 450-nm light. Scheme adopted from reference [91].
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The first photoconvertible fluorescent protein, PA-GFP, was generated by mutagenesis
of the original [69]. Ilumination with ~ 400-nm light induces a decarboxylation of
[elutamic acid (Glu)| at position 212 of the amino acid sequence causing a reorientation
of the hydrogen bonding network surrounding the chromophore. Thereby, fluorescence
emission of PA-GFP is increased ~ 100 fold. PA-GFP was followed by the photoac-
tivatable monomeric red fluorescent protein PA-mRFP1-1, which exhibits a ~ 70 fold
increase in red fluorescence after irradiation with violet light [92]. Despite the application
of PA-GFP in [FPALM] imaging to determine the diffusion coefficient of haemagglutinin
in live fibroblasts [87], the use of both proteins in super-resolution imaging is limited
by their low contrast ratio between bright and dark states. In general, the contrast of
photoconvertible fluorescent proteins shifting their emission color is much better. Very
common is a shift of the fluorescence from green (GFP-like) to red (RFP-like), as ex-
hibited by the natural Kaede [93], the engineered KikGR [94] and EosFP [95,96], which
was engineered into a monomeric form for imaging of cellular proteins [97]. In these
the protein backbone between at position 62 and
at position 61 is cleaved by absorption of a ~ 400-nm photon. Thus, a double
bond is established between the C, and Cg of the [Hisp2 side chain extending the -
electron system [96}98]. The cyan-to-green convertible marker PS-CFP2 could be used
for dual-color super-resolution imaging [85].

Reversible photoswitching between a fluorescent and a non-fluorescent state was al-
ready observed in a single molecule study of avGFP, at that time described as blink-
ing [99]. The first reversible switcher reported as such was FP595 [100], followed by
Dronpa [101]. Usually, photoisomerization involves a protonation/deprotonation of the
chromophore, a change in its planarity and its interaction with surrounding amino
acids [102,|103]. Often, photoswitchable exhibit a lower contrast ratio between
bright and dark states than photoconvertible But, due to the sampling criterion,
an increase in the optical resolution by a factor of n requires a n3 higher density of labels
for a three-dimensional sample. Consequently, the contrast ratio is crucial to be able to
identify an individual fluorophore within hundreds to thousands of other emitters. An
overview of a selection of used in localization microscopy is shown in Tab.
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Table 2.1.: Selection of used in localization microscopy.

Fluorescent Pre/post Excitation/  Activation Contrast Photons
protein color emission (nm) light ratio per burst
Dark-to-bright photoconvertible |FPS|

PA-GFP [69) dark/green 504/517 violet 100 300
PA-mRFPI1-1 [92] dark/red 578/605 violet 70 ND
Photoconvertible FPsl shifting their emission color

PS-CFP2 [104] cyan/green 490/511 violet 1,500 260
Kaede [93] green/red 572/582 violet 2,000 400
mKikGR [94] green /red 580/591 violet 400 970
mEos2 [95] green/red 573/584 violet >2,000 500
Photoswitchable |FPs|

FP595 [100] dark/red 590/600 green 30 ND
Dronpa [101] dark/green 503/517 violet <1,000 120
Padron [105] green/dark 503/522 blue ND ND

ND — not determined. Table adopted from Ferndndez-Sudrez et al. |19, numbers from
reference |106].
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3. Studying Dynamics by Fluorescence
Microscopy

3.1. Measuring Dynamics

Starting with a simple two-state model, with states A and B and the rate coefficients,
k1 and k_q, for transitions between A and B,

k
A== B, (3.1)
k_1
the question is how to measure the dynamics of such a system. In equilibrium, the
system is characterized by the equilibrium coefficient, K,
B k
_Bl_ k& (3.2)
[A] k1
Although the ratio of the rate coefficients is given by the ratio of the concentrations,
the individual values have yet to be determined. Hence, a perturbation such as a pres-
sure change can be introduced to the system favoring the population of, e.g., state B
(Fig. [3.1). By measuring the relaxation toward equilibrium, the apparent rate coeffi-
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Figure 3.1.: Relaxation Methods. (a) An experimental parameter such as pressure, p,
is suddenly changed by dp. (b) Subsequently, the relaxation toward equi-
librium is monitored. (c) Alternatively, a periodic pressure modulation is
applied. (d) Here, the relaxation time is determined by the amplitude,
[A]o, and the phase shift, ¢, of the response.
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cient, A = k1 + k_1, is obtained. With the known value for the equilibrium coefficient,
K, ki and k_1 can be computed individually. A perturbation might either be a single,
fast change of an experimental parameter, following the relaxation in the time domain
or, alternatively, a periodic modulation, measuring the amplitude, [A]p, and the phase
shift, ¢, of the response. However, a perturbation has to be faster than the intrinsic
dynamics of the system under study and is sometimes difficult to apply. For example,
changes in temperature or pH often require a considerable amount of time. Here, fluc-
tuation methods can help. If the energy barrier, AE, between states A and B is not
too high compared to the thermal energy, Fr = kT, available at temperature T, inter-
conversions take place in equilibrium as well. Yet, when studying a large, macroscopic
system, these microscopic fluctuations average out and, thus, cannot be measured. In
order to overcome this averaging problem, the population included in a fluctuation mea-
surement has to be limited to a microscopic system of a few particles only. Under these
circumstances, the fluctuations can be evaluated using an autocorrelation analysis.

3.2. Fluorescence Recovery after Photobleaching

3.2.1. The FRAP Principle

belongs to the family of relaxation methods. The perturbation introduced by
FRAP]| is photobleaching of fluorescent markers by brief but strong laser illumination
within a limited region of interest (Fig. . In a dynamic system, non-fluorescent,
bleached markers can move out of the bleached region whereas fluorescent markers from
the surrounding area can move in. Thus, fluorescence within the bleached spot recov-
ers. The course of the recovery depends on the underlying processes such as diffusion,
active transport and/or binding. By appropriate modeling of the recovery curve, the
corresponding rate coefficients can be obtained.

3.2.2. Modeling Fluorescence Recovery

The following discussion is based on a publication by Axelrod et al. |28]. Let us consider
translation dynamics within in a lipid bilayer. Simple, lateral diffusion is described by
the differential equation

oC(7,t)

= DV2C(F )
o V2CO(7,t), (3.3)

with the fluorophore concentration, C(7,t), at position 7 and time ¢, and the diffusion
coefficient, D. Irreversible photobleaching is induced by a laser with an intensity distri-
bution, I(7), at a rate oIy, (7), where o is the effective cross section for bleaching. For
further calculations we assume a Gaussian bleaching profile,

Io(r) = 20 o (—if) , (3.4

— e
Tw?
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3.2. Fluorescence Recovery after Photobleaching
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Figure 3.2.: FRAP principle. (a) A fluorescently labeled lipid bilayer (first image) is
quickly bleached at a small spot (second image), followed by fluorescence
recovery due to lipid diffusion (third and fourth image). (b) By time-
resolved monitoring of the fluorescence intensity at the bleached spot,
Fk(t), the dynamics of the system can be probed. Indicated are the ini-
tial fluorescence, F; (dashed line), the fluorescence after bleaching, Fi(0)
(dashed-dotted line), and, the fluorescence after recovery, Fi(co) (dotted
line).

with the radius at 1/e? height, w, and the total laser intensity, Iy. Thus, the concentra-
tion of unbleached fluorophores is given by the differential equation,

dC(7,t)
dt
assuming that bleaching occurs within a time interval, Aty, short compared to fluo-

rophore transport into and out of the bleached spot. The solution at time ¢t = 0 after
bleaching, i.e., at the beginning of the recovery is

= —oly(7)C(7, 1), (3.5)

C(F,0) = Cy exp(— Aty I (7)) = Co exp(—K (7)), (3.6)

with the initial fluorophore concentration, Cy = C(00,t). Defining the solution of equa-
tion [3.3| with respect to this initial fluorophore concentration as C (7, t), the fluorescence
recovery, F(t), at times ¢ > 0 is given by

Fie(t) =~ / / L(F)Cxe (7 1)d2r, (3.7)
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3. Studying Dynamics by Fluorescence Microscopy

with the laser intensity at the area monitored during recovery, I;(7), and, the product
of fluorophore quantum yield and detection efficiency, v. The fluorescence shortly after
bleaching, Fx(0), does not depend on the type of recovery but is a function of the
(Gaussian) bleaching profile,
Fre(0) = RL=C 3.8
K(0) = lKi(f’)' (3-8)
Thus, the depth of bleaching, K (), can be determined directly from the initial fluores-
cence before bleaching, F;, and the fluorescence at ¢ = 0 after bleaching. The fluorescence
recovery, Fx(t), can be calculated as a series expansion,

FK(t):ETLi;(](_I;(!F))n[len(l%—?)]_l, (3.9)

For small K(7), i.e., at low bleaching depth, the fluorescence recovery can be approxi-

mated by
FK(O) + 4DtFK(OO)

:872
Fic(t) = —— . (3.10)
Bw?

with 5 = 1 and the fluorescence after recovery, Fi(oo). For a high bleaching depth, the
parameter 5 > 1 can be retrieved from a linearization procedure described by Yguerabide
et al. [107]. When dealing with pure diffusion within an area large compared to the size
of the bleached spot, we can assume a full recovery such that Fi(co) = Fi. However, if
there is a static fraction of fluorophores, the fluorescence will not fully recover but only
to a value Fx(c0) < Fi. This population is referred to as the immobile fraction,

B — Fg(o0)

P = F ) (3.11)

so the mobile fraction is
Fi(00) — Fik(0)

Poop = 1 — Py = . 3.12
b F, — Fk(0) (3.12)

If the reservoir of intact fluorophores is small, not all bleached molecules can be replaced,
and the fluorescence will also not recover to its initial value. Luckily, both cases are easy
to distinguish. Outside the bleached spot, a difference between the initial fluorescence
and the fluorescence after recovery indicates a limited reservoir. After recovery, a differ-
ence between the fluorescence at and outside the bleached spot denotes the presence of
an immobile fraction.

Another dynamic process that can be probed by [FRAP)|is binding. A simple example

is an accumulation of static molecules, S, to which fluorescent markers, F', can attach
from the outside forming a complex, X, as described by

S+ F ==X, (3.13)
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3.2. Fluorescence Recovery after Photobleaching

with kon and kog representing the rate coefficients for attachment and detachment, re-
spectively. In equilibrium (¢t — c0),

, (3.14)
with the equilibrium coefficient, K. The temporal evolution of the system can be de-
scribed by the differential equation

d[X(®)]
dt

= [SOIF@)]kon — [X(1)] Ko (3.15)

The rate coefficients are to be determined by the [FRAP| method. Strong laser illu-
mination bleaches the molecule-marker complexes, X, within the illuminated region.
However, the bleached fluorophores are still attached and, thus, for the fluorescence to
recover, they have to detach before an intact marker can bind. Therefore, recovery is a
two-step process,

koff kon
Xdark + Fbright T S+ Faark + Fbright T Xbright + Faark, (3'16)
on off

assuming that the reaction is not affected by bleaching. The corresponding system of
differential equations is,

w [S][Faark)kon — [Xdark] Ko, (3.17)
d[il(ft)] = [Xdark] Foft — [S] [Fdark]kon + [Xbright]kOf‘f - [S] [Fbright]kona (3'18)
dp(brdiim(t)] = [S] [Fbright]kon - [Xbright]koff- (319)

In general, this is a complicated situation. The reaction depends on the local marker
concentration, which in turn depends on diffusion. If the diffusion time is similar to the
lifetime of the molecule-marker complex (tp ~ 7o = 1/kog), these two processes over-
lap and are impossible to disentangle from the recovery curve (Fig. ) However,
if marker diffusion is much faster than the lifetime of the molecule-marker complex
(Tb >> Tof), the response can be separated into two steps (Fig. [3.3k). At short times, flu-
orescence recovery is dominated by replacement of the unbound, non-fluorescent markers
by new fluorophores in the observation volume by diffusion, as described above. At later
times, fluorescence recovery is a result of detachment of dark markers followed by rebind-
ing of intact markers. For the rebinding step, we can assume that [Firight] > [Faark]-
This means that, after detachment of a dark marker, rebinding of a bright marker is
much more likely, which can be expressed by the boundary condition [Xgak(c0)] = 0.
Therefore, the differential equation for the dark molecule-marker complex reduces to

d[Xdark (t)]

T = —[Xgark (V)] kofr- (3.20)
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Figure 3.3.: due to diffusion and binding. (a) Fast diffusion (dashed line) fol-
lowed by slow binding (dotted line) results in a two-step recovery curve
(solid line) allowing for identification of each process. (b) Diffusion
(dashed line) and binding (dotted line) occurring on the same time scale
cannot be discriminated any more in the total recovery curve (solid line).

By applying the initial condition, ¥l — A[x, 4 (0)],
d[Xdark(t)]

n = A[Xgaric(0)]e e, (3.21)

Also, [FRAD| measurements are usually performed at high marker concentrations to ob-
tain a good signal-to-noise ratio. Thus, we adjust the conditions such that there are
far less free molecules than molecule-marker complexes [S] < [X]. Consequently, the
temporal evolution of the bright molecule-marker complex concentration becomes

d[Xbrighs ()]

it = [X(00)] = [Xaark(t)] = [X (00)] = A[Xqari(0)]e . (3.22)

Therefore, the total fluorescence recovery is given by fast, free diffusion followed by
rebinding and can be expressed as

Fg(0) + g5 Fre(o0) :

Fg r(t) = T3 + Fr(00) — (Fr(o0) — Fr(0))e o, (3.23)
BTD

with the fluorescence from freely diffusing markers, Fx, and, the fluorescence from bound
markers, Fp.

3.2.3. FRAP for Studying Dynamics at Membranes

As an example, fluorescence recovery was probed in a fluorescently labeled lipid bilayer
as a model of the cell membrane. The lipids forming the layer can freely diffuse in the
lateral direction, whereas their positions are fixed in the axial direction. The data of a
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Figure 3.4.: [FRAP|at lipid bilayer fitted by a (a) free diffusion and (b) binding model.

representative [FRAP] experiment are displayed in Fig. In Fig. B.4h, the data set
has been fitted with equation [3.10| modeling free diffusion,

Fi(0) + 2B Fie(o0)
FK(t) = 1+ 4Dt

w2

In Fig. [3.4p, the same data set has been fitted with an equation representing a simple
binding model (equation without diffusion term),

t

Fp(t) = Fr(oo) — (Fr(oo) — Fr(0))e 7o,

As expected, the residuals show that the fluorescence recovery in a lipid bilayer is better
represented by the free diffusion model.

Materials and Methods

Lipid bilayer preparation: Planar lipid bilayers were prepared by dissolving
[dioleoyl-sn-glycero-phosphocholine (DOPC)| (Avanti Polar Lipids, Alabaster, USA) and
cholesterol ([Sigma-Aldrich] St. Louis, USA) in chloroform at a ratio of 4:1. Atto647N-
[dipalmitoylphosphatidylethanolamine (DPPE)| (Atto-Tec, Siegen, Germany) was added
in the amount of 0.01 mol% to the stock solution (5mg/ml). 10pul of the lipid solu-
tion was evaporated for 1h under vacuum and afterwards rehydrated with 10 mM [4]
[(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)| buffer (pH 7.4) containing
150 mM NaCl. The vortexed suspension was sonicated at 60°C for 1h, and 100 pl were
placed in a chamber slide to form the bilayer. Lipid bilayers were prepared by René
Dorlich.
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3. Studying Dynamics by Fluorescence Microscopy

FRAP experiment: measurements were performed on a spinning disk confocal
microscope (Andor Revolution XD, Grobenzell, Germany). A circular
spot (diameter 3.5 pm) within the lipid bilayer was bleached using 640-nm light. The
fluorescence recovery was measured with a temporal resolution of 86 ms. Spinning disk
microscopy was performed by René Dérlich.

3.3. Fluctuation Spectroscopy

3.3.1. Fluorescence Correlation Spectroscopy

Often, fluorescent markers are used to label the molecules of interest, e.g., proteins.
Dynamic processes of interest include protein folding, diffusion and binding to other
proteins. These properties can be quantified by |[Huorescence correlation spectroscopy|
[[FCS)} In [FCS| the fluorescence intensity of a small ensemble of labeled molecules is
continuously monitored over time. As an example, free diffusion of proteins in an aqueous
solution shall be measured. Therefore, a confocal fluorescence microscopy setup is most
suitable, where the spatial confinement is given by the [NA] of the objective lens and the
size of the pinhole (see subsection , resulting in an observation volume of ~ 1fl.
This volume is placed into a highly dilute (nanomolar) solution of the molecules under
study (Fig. . Hence, on average, only a few particles reside within this volume.
Due to Brownian motion their number and, thus, the fluorescence intensity originating
from the confocal volume fluctuates. These fluctuations are evaluated by autocorrelation
analysis. Using a suitable model, the average particle number, < N >, as well as the
average residence time, 7p, inside the observation volume can be obtained from the
autocorrelation, G(7). In this way, the diffusion coefficent, D, and the hydrodynamic
radius, Ry, can be computed. In the following, it is shown how such a diffusion process

is analyzed by using

a _ *

O 0,0"l | :
0 50 100 10" 10° 10° 10* 10°
t(s) T (s)

Figure 3.5.: Principle. (a) In a solution, fluorescent particles move through the
confocal volume due to Brownian motion. (b) Particles moving in and
out of the observation volume cause fluctuations in the intensity time
trace. (c) Autocorrelation analysis of the fluorescence time trace (squares),
fitted with an equation modeling 3D diffusion (red line), yields the average
number of particles, < N >, and average transit time, 7p.
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3.3. Fluctuation Spectroscopy

3.3.2. The Autocorrelation Function

Let us look at a small ensemble of particles rendered fluorescent by attachment of a dye to
monitor underlying processes such as diffusion. Thus, we can define the autocorrelation
function,

h(r) =< (F(t)- F(t + 1) >4, (3.24)

as the average product of the fluorescence intensity F(¢) at time ¢ and the fluorescence

intensity F'(t + 7) at a later time ¢ + 7. Normalized by the square of the average signal,

< F(t) >2, we obtain

< (F(t)- F(t+ 1) >4
< F(t) >?

Often, instead of the absolute amplitude of the signal, F(¢), the deviation from the

average amplitude, 0F(t) = F(t)— < F(t) >¢, is used, which defines the fluctuation
autocorrelation function,

H(r)=

(3.25)

<OF(t)-0F(t+ 1) >4

G(7) T =2 (3.26)
_ <FQ@)-F(t+71)>
= < T > — 1. (3.27)

The fluorescence is proportional to the number of molecules, N(t), inside the observation
volume, F'(t) oc N(t). Also, since we are looking at single, independent particles, Poisson
statistics applies,
<OF(t)? >,  <ON()? > 1
<F(t)>2  <N({)>2  <N@t)>

Therefore, the fluctuation autocorrelation function yields the average number of parti-
cles, < N(t) >, inside the observation volume as 7 approaches zero,

(3.28)

<OFMF() > 1
- <Fl)>? < N(t)>

G(0) (3.29)

3.3.3. Analyzing Fluctuations Generated by Diffusion

The following deduction follows a textbook chapter by Schwille et al. [108]. FCS theory
and application was first published by Magde et al. in 1974 [109,/110]. Let us consider
a solution of fluorescent particles which can freely diffuse in all three dimensions. The
confocal volume is placed within this solution and the fluorescence monitored with a
single photon counting device. Particles passing that volume are excited and the resulting
fluorescence intensity, F'(t), is given by

F(t) = roq [ WO 04V, (3.30)
with the quantum yield, x, and the absorption cross section, o, of the fluorescent markers,

the detection efficiency, ¢, the shape of the observation volume, W (7), and, finally, the
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3. Studying Dynamics by Fluorescence Microscopy

particle concentration, C'(7,t), containing the information about the diffusion process.
In confocal microscopy, the shape of the observation volume is usually approximated by
a three-dimensional Gaussian,

2 2 2
W (7) = Iy exp (—25” ;y ) exp (—2’22) : (3.31)

0 20

where ry and zp represent the 1/ e? radii of the Gaussian volume in lateral and axial
direction, respectively. Free, three-dimensional particle diffusion can be described by

equation [3.3]
0

ot

The solution of this equation is given by

- 1 712
C(rt) = W p( Jl])t) (3.32)

—C(7,t) = DV?C(7,t).

The deviation from the average particle concentration, 6C(7,t), within the effective
volume, Vg, of the focal spot leads to deviations from the average fluorescence signal,

F(t) =n / W (RSC(F, )V, (3.33)

with 7 = kogq, assuming that marker quantum yield, absorption cross section and detec-
tion efficiency are constant parameters. Thus, the autocorrelation,
< OF(t)0F(t+ 1) >y

< F(t) >? ’

G(r) = (3.34)

of the fluorescence fluctuation can be calculated by insertion of equation and
into equation yielding
[fwW (7 ) < 6C(F,1)6C (17t +7) > dVdV’

G(r) =
(fWr < C(7, )>th)

(3.35)

Assuming a constant diffusion coefficient, the autocorrelation does not depend on the
time of observation, so we choose, t = 0. With equation and < C(7,t) >=< C >,
we obtain for the number density autocorrelation term,

<C> =P

For the autocorrelation of the fluorescence fluctuation, we obtain

< [JWEW ) exp (- 552 ) dvav?

G(T) _ (47 D7) (47rD71)3/2
(<C> [W(Fav)?

(3.37)
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3.3. Fluctuation Spectroscopy

With the size of the effective observation volume, defined as

— 2
:m: 32,240 (3.38)

containing the average number of particles, < N >= Vg < C >, the fluctuation
autocorrelation function of freely diffusing molecules results,

1 4D7| 7! ADT (710>
Gsp(T) = NS [1—# 2 ] [1—1— 2 (;))

The geometric parameters rg and zg are usually measured by using a reference sample.
Experimental data obtained by correlating the fluorescence time trace from a solution of
FePt particles labeled with DY 636 are shown in Fig. [3.5k. Fluorescence was excited at
a wavelength of 640 nm and an average intensity of 25 nW using a 80 MHz pulsed laser
diode. Two important parameters can be extracted from the data. First, the average
number of fluorescent particles observable in the confocal volume, < N >, corresponds
to the inverse of G(7) as 7 approaches zero (equation . Second, the underlying
dynamics are revealed from the decay of the autocorrelation amplitude towards longer
correlation times. For free diffusion, the average transit time of the particles through
the confocal volume is related to the diffusion coefficient by

Vet

—-1/2

(3.39)

7
™=
The line in Fig. represents a fit of equation to the experimental data yielding
< N >=2.4 and 7p = 330 ps for the FePt particles in [phosphate buffered saline (PBS)!
For two-dimensional diffusion, e.g., particles within a lipid bilayer, a similar result is
obtained for the autocorrelation function. If the layer extends in the same plane as the
focal plane, the extension of the observation area is isotropic for both dimensions. Thus,
the correlation function reduces to

(3.40)

Gaop(T) = (3.41)

1 4D7] 7
<N > r '
With the geometric parameters rg and zg, the average particle concentration, < C >,

can be determined from the amplitude of the autocorrelation curve, G(0),

1

<C> Vot - G(0)" (3.42)
Using the diffusion coefficient, other properties of the particles such as their hydrody-
namic radius can be calculated,
_ kpT
- 6mnD’
with the viscosity of the particle solution, 7, at temperature T'. This relation is known
as the Stokes-Einstein relation, which arises from the Einstein-Smoluchowski relation
[111,|112] assuming diffusion of spherical particles through a liquid of low Reynolds
number. Thus, e.g., tiny changes in the hydrodynamic radius of nanoparticles by protein
adsorption to the particle surface have been measured by [113].

H (3.43)
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3.3.4. Brightness Fluctuations in Autocorrelation Analysis

In the previous subsection, fluctuations in fluorescence intensity were assumed to only
result from particle motility. However, depending on the marker, there are photophysical
and other processes that influence marker fluorescence and, thus, cause additional signal
fluctuations. Consequently, these effects have to be considered in the analysis of the
resulting autocorrelation function. In the following, the population of a triplet state and
a reaction term representing conformational changes of the particles will be discussed.

Triplet State

In the excited state, a spin flip can occur due to interaction with surrounding molecules.
Thus, the marker is transiently trapped in a dark, non-fluorescent state. Usually, the
relaxation time of the triplet state is much shorter than the diffusion transit time through
the observation volume [114]. Thus, triplet state population results in a correlation
at short lag times in addition to the correlation at longer lag times due to particle
translation, and the total autocorrelation function decays in two temporally distinct
steps,

Gtotal(T) = Gtrip(T) : Gdiff(T)v (344)

where Gaig(7) is the diffusional and Giyip(7) the triplet term. Triplet blinking can be
described by a reversible transition between a bright, fluorescent state, F', and a dark,
non-fluorescent state, T',

k

F=T, (3.45)

kp
characterized by the corresponding on- and off-rate coefficients, kr and kp. The re-
sulting normalized autocorrelation function of the system can be described by a simple
exponential decay [115],

T T
Gtrip(T) =1+ ﬁ - exp (-), (3.46)

with the average fraction of molecules in the triplet state, T' = kp/(kr + kr), and the
apparent relaxation time, 7p = 1/(kr + kp).

Kinetic Term

Conformational changes of the molecule-marker system or changes of the surrounding
environment can affect the quantum yield of the fluorophore. These transient states
of lower photon emission also affect the trend of the autocorrelation function. Quick
changes in brightness can be modeled the same way as triplet blinking, resulting in a
modification of the total autocorrelation function,

Gtotal(T) = Gkin(T) : Gdiff(T)7 (347)

50



3.3. Fluctuation Spectroscopy

with the normalized kinetic term,

K T
Gkin(T) =14 ﬁ - exp <_7‘I(>’ (348)
with the apparent relaxation time, 7 = 1/(kx + kr). Yet, if the low brightness state is
not entirely dark, two different quantum yields, ng and ng, have to be included in the
weighted amplitude [108],

kike(nx —nr)?
K = . 3.49
(kk + kp)(kxn? + kpn%) (3.49)

Often, this fraction is small (K < 1) and, thus, the kinetic term can be simplified,

Giin(T) = 1+ K - exp (-T;) (3.50)

3.3.5. Raster Image Correlation Spectroscopy

In a static [FCS| experiment, the position of the confocal volume is constant with respect
to the sample. Thus, dynamics are measured at a single spot only. Another way of
performing correlation spectroscopy is [26]. In this approach, a wide area is im-
aged repeatedly by moving the observation volume across the sample (Fig. . Thus,
each image contains a time structure determined by the pixel and line dwell times. Sub-
sequently, by correlating the images pixel by pixel and line by line, a two-dimensional
correlation function can be obtained. The pixel-to-pixel correlation covers the short lag
times (ps), whereas the longer lag times (ms) are resolved by the line-to-line correlation.
Correlations of even longer lag times (s) can be analyzed by recording multiple images

a %
By *

22128 256 Lo
X (pixel) W 2

Figure 3.6.: Principle. (a) Fluorescent particles move through the confocal vol-
ume due to Brownian motion, while the volume is scanned across the
sample (indicated by arrows). (b) Confocal laser scanning image of a
solution of FePt particles labeled with DY 636. (c¢) Two-dimensional au-

tocorrelation, G(&,1), resulting from pixel-to-pixel, £, and line-to-line, 1,
correlation (dots) fitted with an equation modeling 3D diffusion (surface).

o1



3. Studying Dynamics by Fluorescence Microscopy

of the same region, followed by a frame-to-frame correlation. However, this is often not
necessary. Still, multiple frames are usually acquired in a [RICS| measurement, yielding
more data for an improved signal-to-noise ratio of the resulting correlation. Furthermore,
an immobile fraction can be substracted. In this approach the average pixel intensity
is substracted from each frame, followed by addition of the global average intensity.
Thereby, bright, immobile features can be excluded from correlation analysis. Another
advantage of [RICS| is the multiplexing capability when applied to heterogeneous sam-
ples. Here, different regions of interest can be analyzed in a single set of images. Also,
in static [FCS| bleaching can be a problem. If particle diffusion is slow, the fluorescent
markers will have bleached before they could have passed through the observation vol-
ume, resulting in a distortion of the correlation function. By scanning across the sample,
the effective residence time of the particles within the confocal volume is reduced and,
thus, a prolonged light exposure that causes bleaching of the fluorophores is prevented.

3.3.6. Fluctuations in Laser Scanning Microscopy Images

Let us consider free, three-dimensional diffusion of particles within a homogenous, iso-
tropic medium. Hence, the particle concentration, C(7,t), is proportional to the prob-
ability of finding molecules, driven by Brownian motion, at position 7 and at time ¢
starting at the origin, ¥ = 0 and ¢ = 0 (equation . This equation can be split into
a temporal term and a spatial, Gaussian term [116]. In static the concentration is
sampled at a constant position 77 = 7 (see subsection. For an image acquired with
a laser scanning microscope, F'(x,y), the time structure of the image is determined by
the respective pixel size, d,, and pixel and line dwell times, 7, and 7;. By correlating each
pixel with the following one, the autocorrelation at lag time 7 = 7, can be computed
(Fig. . By increasing the respective shift between two pixels, £, the autocorrela-
tion at longer times, 7 = £7,, can be computed. The same procedure can be applied
to pixels within different lines of the image, with the respective line shift, v, resulting
in lag times 7 = ¥7;. Of course, pixel and line shift can be combined; in this way, a
two-dimensional autocorrelation function is obtained. Replacing ¢ with x,y and 7 with

&, 1 in equation yields

Grics(é.) = <OF@WOF@+ &y +Y) >0y

< F(z,y) >2,

(3.51)

When imaging with a laser scanning microscope, the sample is probed at different spa-
tial locations, 7 = 7(t). The scanning motion appears as an active particle transport.
Application of [FCS| to uniform particle translation combined with free diffusion through
a Gaussian observation volume has first been discussed by Magde et al. in 1978 [117].
The particle concentration is described by the transport-diffusion equation,

0
aC(F, t) = D-VC(7,t) — 7- VC(7,1), (3.52)
with the scan velocity, ¢. The solution of this equation is given by
1 |7 — vt|?
C(rit) = ————= —-—— . .53
(78 = Dy &P < Dt ) (3:53)
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Figure 3.7.: Raster image correlation. All pixels within a raster-scanned image are cor-
related (left to right) using different pixel shifts, &, (first and second row),
line shifts, v, (third row) and both (last row). Thus, a two-dimensional

autocorrelation function is obtained.
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3. Studying Dynamics by Fluorescence Microscopy

If the sample is scanned in the lateral direction only, ¥ = (v, vy), the autocorrelation of
the fluorescence time trace is

Gdiff,scan(T) = G(T) : S(T)a (354)

with the diffusional part, G(7), given by equation and the term for the movement
of the observation volume,

2
S(1) = exp [— <TF> 14—411)7'/7“8] . (3.55)

The time for the laser focus of radius ro to move across a particle, 7p = 2r(/7, is
determined by the scan velocity, ¥ = (0,/7p, 0,/7;). Consequently, with 7 = &7, + 97,
the raster image correlation function for particles freely diffusing in a three-dimensional
volume becomes

GRICS(§> %b) = G(f, 1/]) ’ 8(67 1/])7 (356)
with the diffusional part,
G(€,1)) = 1 1+ (Tpf+Tl¢)4D]_1 1+ (7p€ + yp)AD (7“0>2 o (3.57)
< N> T(Q] 7‘(2) 20 ’ ’

and the scanning part of the correlation [26],

265, \* | (20,
S(&v) = exp 2((? 3 éfgliﬁ) - (3.58)

0

Due to the raster scan pattern, the correlation appears on two different time scales.
The pixel-to-pixel correlation covers short lag times, usually in the microsecond range,
whereas longer lag times are resolved by the line-to-line correlation, usually in the mil-
lisecond range. This means that the scanning parameters of the measurement have to
be adjusted to fit with the expected diffusion times, ensuring that 7, < 7p. If the
approximate diffusion constant is not known, test measurements using different pixel
dwell times are required. Experimental data obtained by correlating images acquired in
a solution of FePt particles labeled with DY 636 are shown in Fig. [3.6c. Fluorescence
was excited at a wavelength of 640 nm and an average intensity of 25 W using a 80 MHz
pulsed laser diode. Images were raster-scanned with a pixel dwell time of 10ps and a
pixel size of 40nm. The surface in Fig. represents a fit of equation to the
experimental data, yielding < N >= 2.1 and 7p = 380 ps for the FePt particles in [PBS]
These values are in good agreement with the ones obtained by static m (< N>=23
and 7p = 3308, see subsection .
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3.3. Fluctuation Spectroscopy

3.3.7. Limitations of Fluctuation Spectroscopy

Despite its finesse, there are several limitations in the application of fluctuation spec-
troscopy. First of all, measurement of the diffusion coefficient by means of fluorescence
correlation spectroscopy requires precise knowledge of the observation volume geometry.
However, the effective confocal volume depends on the excitation power, spectral prop-
erties of the marker, refractive index of the sample and pinhole size, to name but a few
parameters. Thus, a reference measurement using a similar sample with known diffusion
coefficient is required. This problem is adressed by two-focus FCS [118]. In this method,
fluorescence is recorded from two overlapping foci with a fixed mutual displacement. By
controlling this distance, an internal reference is introduced to the measurement. An-
other issue in [FCS| are aggregates. Complexes of several particles sticking together will
produce an intensity burst when moving through the confocal volume, disturbing the
correlation analysis. As long as there are only a few aggregates present in the sample,
this obstacle can be overcome by software-based correlation. Due to the vast amount of
storage available on present-day computers, the fluorescence time trace can be saved at
the full temporal resolution. Thus, large intensity peaks caused by aggregates can be
identified in the time trace and excluded from subsequent correlation analysis. When
using correlation spectroscopy in living cells and tissues, further problems such as bright
immobile features and bleaching can restrict the application. In that case, scanning
methods such as [RICS| are preferred over static By moving the focus, immobile
features can be identified and removed from the data. Furthermore, bleaching of slowly
moving particles is prevented by the scanning motion. For heterogeneous samples such
as cells, the multiplexing capability of RICS|is a great advantage, too. In a single set of
images, different regions of interest can be analyzed. However, this subdivision of image
data is compromised by the limited spatial resolution of optical far-field microscopy be-
cause regions of interest cannot be as small as desired. Also, due to the extension of the
confocal volume, details such as molecules being transiently trapped on spatial scales
smaller than the optical resolution cannot be discerned from freely moving molecules
with standard [FCS| and [RICS] Finally, with a diffraction-limited observation volume of
~ 11l, the application of correlation spectroscopy is restricted to nanomolar fluorophore
concentrations. However, these limitations can be adressed by application of as
described in chapter
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4. Implementation of Advanced
Fluorescence Microscopy

4.1. Stimulated Emission Depletion Microscopy

4.1.1. STED Microscopy with a Broadband Source

In this work, two different, pulsed configurations were implemented. The first
configuration (Fig. schematic and Fig. photograph) is based on a supercon-
tinuum source (SC450-HE, Southampton, UK) with a usable output spectrum
of 500 — 800nm. The pulse repetition rate is 2 MHz with a pulse duration of ~ 90 ps.
Because of the broad output spectrum, this laser can supply both, the excitation and
depletion light. The output of linear polarization of random orientation is first split by
a polarizing beamsplitter cube (PBS) yielding two beams of linearly polarized light per-
pendicular to each other. The transmitted part is filtered by an [acousto optic tunable]
(AOTFnC-400.650, [AA Opto Electronic, Orsay Cedex, France) with a
bandwidth of 2nm and spatially cleaned by 2m of polarization maintaining
fiber (SMF)[ (PMC-530, [Schafter und Kirchhoff, Hamburg, Germany) before used for ex-
citation. The reflected light is filtered by a custom built, prism-based monochromator.
After spectral expansion by a prism, the beam is collimated by a lens, followed by a
variable slit to select a suitable depletion band of 20 nm bandwidth. An inverse arrange-
ment of an identical prism and lens rejoin the spectral components before the light is
coupled into 2m of polarization maintaining [SMF| (PMC-630, [Schéfter und Kirchhoff)).
To ensure simultaneous arrival of the excitation and depletion pulses at the sample,
the delay between excitation and [STED| pulses can be adjusted by moving the exci-
tation coupler. For phase modulation of the depletion beam, either a helical
plate (PP)| (VPP1la, RPC Photonics)) or a custom made circular [78] can be used
(see subsection . The excitation and depletion beams are spatially overlayed at a
730nm or 640 nm [shortpass (SP)| dichroic mirror (z730sprdc/z640sprde, [(Chromal Bel-
lows Falls, USA), depending on the spectral properties of the employed fluorophores.
A quarter-wave plate phase-shifts the initially linearly polarized beams to obtain circu-
larly polarized light. Circular polarization is required for the correct formation of the
depletion pattern and avoids photoselection of the dye molecules by the orientation of
their excitation dipoles. Subsequently, the light passes a galvanometric scanning system
(Yanus 1V, Griéfelfing, Germany). The scanning plane is relayed via a
telescope, composed of a scan lens and a tube lens, to the oil immersion objective (HCX
PL APO CS 100x/1.46, Wetzlar, Germany) which focuses the combined beams
into the sample. The distance of the objective lens with respect to the sample is ad-
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Figure 4.1.: [STED|microscopy setup with a broadband source as described in the text.
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4.1. Stimulated Emission Depletion Microscopy

to
objective

Figure 4.2.: Photograph of the main part of the |[STED| microscopy setup based on a
broadband source. Indicated are the paths of excitation (green), [STED!
(red), combined beams (gray) and fluoresence light (orange).

justed by a translation stage (M-122, [Physik Instrumente] Karlsruhe, Germany). The
reflection of the excitation beam at the coverslips of the samples, extracted by a beam-
splitter (BS), is used to monitor the z-position of the focal spot with a camera
(DMK 21, Imaging Sourcel, Bremen, Germany). Fluorescence light is separated by a
quad band dichroic mirror (zt405/488/561/640rpc, and focused onto a
mode fiber (MMF')| (M31L02, Miinchen, Germany) which serves as a confocal
pinhole (PH) such that the core diameter corresponds to one Airy unit. After passing
the the fluorescence is split by a dichroic mirror and two bandpass
filters, F1 and F2, for the transmitted and reflected light, respectively, chosen accord-
ing to the emission spectra of the employed fluorophores. Single photons are counted
in two detection channels by |avalanche photodiodes (APDs)| (7-SPAD-50,
Berlin, Germany) and registered by a [time-correlated single photon counting (TCSPC)|
system (Simple-Tau 152 TCSPC, [Becker & Hickl, Berlin, Germany). Alternatively, a
flip mirror can be used to reroute the detection to a[photomultiplier (PMT)[ (PMC-100,
[Becker & Hickl). This configuration is used for the alignment of the setup, where apodi-
sation of the detected light by the pinhole is undesirable. For imaging, the laser focus
is laterally scanned across the sample by the galvanometric scanning system and axi-
ally by moving the objective lens with a piezo stage (P-720, |[Physik Instrumente|). Scan
signals are generated by a [digital-to-analog converter (DAC)| card (PCI-6259, [National

Miinchen, Germany) controlled by the software Imspector (Max-Planck-
Miinchen, Germany).

99



4. Implementation of Advanced Fluorescence Microscopy

One advantage of using a broadband source for microscopy is the flexibility
in the choice of excitation and depletion wavelengths. Also, with a single source, the
time delay between excitation and depletion pulses is determined by the difference of
the optical path lengths, only. No additional, sensitive electronics that might cause
timing jitter are required. At a repetition rate of 2 MHz, the average light exposure is
low compared to high repetition rate or [CW] systems. Therefore, phototoxic effects to
biological samples can be kept to a minimum. However, at a low repetition rate, the
number of excitation/emission cycles within a given time interval is also low and, thus,
image acquisition speed is limited. Therefore, a second pulsed [STED] configuration with
a higher repetition rate was implemented, as presented in the following subsection.

4.1.2. STED Microscopy with a Ti:Sa Laser

At higher pulse repetition rates, more excitation/emission cycles can be accommodated
within the same time interval, resulting in a higher average fluorescence signal. Thus, in
raster-scanning, the signal accumulation time for a single image pixel can be reduced,
allowing for faster imaging. Therefore, in a second configuration, a [STED]| microscopy
setup with laser sources of 80 MHz repetition rates was constructed (Fig. schematic
and Fig. photograph).  Excitation light is generated by a 640-nm pulsed diode
laser (LDH-P-C-640B, featuring pulses of ~ 100 ps length, spectrally cleaned
by a 640/14nm bandpass filter (HC 640/14, Rochester, USA) and spatially
cleaned by 2m of polarization maintaining [SMF| (PMC-630, |[Schafter und Kirchhoft]).
Depletion light is provided by a mode-locked laser (Mai Tai HP, [Spectra-Physics]
Darmstadt, Germany) of variable wavelength (690 — 1040 nm). A half-wave plate is used
to change the orientation of the linearly polarized light. A Glan-laser prism only allows
p-polarized light to pass. Thus, the intensity can be adjusted by rotation of the half-
wave plate. The pulses of the laser have a length of ~ 100 fs and are subsequently
stretched by 60cm of SF6 glass followed by 100m of polarization maintaining [SMF]
(PMJ-A3HPC, Ottawa, Canada) to ~ 300ps [119]. On the one hand, this
measure ensures a complete coverage of the duration of the exciation pulses suppressing
pre{STED] fluorescence emission. On the other hand, longer pulse lengths avoid multi-
photon processes leading to excitation of the fluorophores by depletion photons. The
laser pulses of the laser are monitored by an internal photodiode and the output
is used to trigger the diode laser after signal amplification by custom-built electronics.
To ensure simultaneous arrival of the excitation and depletion pulses at the sample, the
time delay can be adjusted by choosing the proper cable length and trigger threshold
of the diode laser. After passing the [SMF] the depletion beam is split by a polarizing
beamsplitter cube (PBS); the splitting ratio can be set by the orientation of a half-
wave plate. The transmitted beam is phase modulated by a helical (VPP1la,
while the reflected beam passes through a custom made circular [78] (see
subsection . Both depletion beams are recombined at a second PBS. Samples are
raster-scanned, and fluorescence is detected as described in the previous subsection for
the setup based on the broadband source.
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to
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and a diode laser. Indicated are the paths of excitation (green),
TED (red), combined beams (gray) and fluoresence light (orange).

0]

4.1.3. Spatial Beam Overlay

A great challenge in [STED] microscopy is to stably overlay the excitation and the de-
pletion beam. The tolerance is within the range of a few tens of nanometers for the
spatial domain and within a few tens of picoseconds for the temporal domain. In gen-
eral, for building a [STED] microscope, stable optical mounts close to the optic table are
extremely important. Also, the room in which the microscope is operated should be
kept at a constant temperature to avoid thermal drifts in the optic and electric system.
Furthermore, all cables associated with timing should be mounted in fixed positions.
These precautions are mandatory to obtain reliable results.

In conventional confocal microscopy, the overlay of multiple excitation wavelengths
is required for multicolor imaging. An adequate procedure is to feed all wavelengths
through a common optical fiber to ensure an intrinsic spatial overlay. However, in[STED]
microscopy, the depletion beam has to be phase-modulated to provide zero intensity in
the center after focusing. There have been efforts in designing an optical element that
will modulate the depletion wavelength only and, thus, allow the use of a common fiber
for excitation and depletion light ,. In this approach, however, the choice of
excitation and depletion wavelengths is limited, as is the use of various depletion pat-
terns for, e.g., 3D{STED| Therefore, in the setup constructed in this work, the light from
two separate fiber outputs was combined at a [SP| dichroic mirror. Before being passed
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4.1. Stimulated Emission Depletion Microscopy

into the objective lens, the beams could be directed onto two [position sensing photodi-|
(PDP90A, via a removable mirror (RM) (Fig. [4.5). A 50/50
beamsplitter (BS) separated both position sensors by an optical path length of ~ 60 cm.
According to the manufacturer, the photodiodes provide a resolution of < 0.7 pm. This
was a good start but not sufficient. Therefore, excitation and depletion beam were more
precisely aligned by imaging the reflections of small gold particles within a transparent
medium [119,[122]. Thus, the mirror RM was removed and, after passing the depletion
[SP|and excitation [LP]dichroic mirrors, the reflected signal was detected on a[PMT|while
scanning across the sample. The top image of Fig. displays the overlay of exci-
tation beam (green) and depletion beam signal (red) after alignment with the position
sensing devices. A displacement of 54 nm was measured after determination of the center
of mass, which is even better than expected from the resolution specified for the position
sensing diodes. Fine adjustments to the position of the depletion beam resulted in an
overlay according to the central image of Fig. [4.5b. A negligible displacement of 17 nm
was found by quantitative evaluation. After precise beam overlay, the [PP] modulating
the depletion beam was inserted into the setup. The position of the phase plate was
adjusted for maximum symmetry of the resulting doughnut-shaped [PSE] A this point, it
should be noted that, depending on the depletion wavelength, the insertion of the phase
plate again introduced a small beam displacement, which required a slight repositioning
of the depletion beam.

a (@) PsD!1 b
@PSDQ BS
R *

PMT RM
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excitation \ .
N .b— depletion
@ PP

M

Figure 4.5.: Spatial beam alignment. (a) The depletion beam was overlaid with the
excitation beam at a[SP]dichroic mirror. The beams were coarsely aligned
using two (b) The overlay was finely adjusted by measuring the
reflections off 80 nm gold beads. Excitation and [STED][PSE]| after overlay
with the (top), after measuring the reflection off 80 nm gold beads
(middle) and, finally, after insertion of the helical (bottom). Scale bar,
300 nm.
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Interestingly, this way of aligning a[STED|microscope already makes use of an imaging
procedure capable of providing sub-diffraction resolution. Again, localization is the key.
In this case there are only two sources, namely, excitation and depletion beam. Their
center of mass is determined individually by spectral separation. Unfortunately, this
approach of spectral separation is not applicable to biological samples featuring tens to
hundreds of emitters within a single, diffraction limited spot, as this would require the
same number of detection channels.

Materials and Methods

Surface covered with 80 nm gold beads: A droplet (~ 20 nul) of gold beads so-
lution (80nm diameter, GC80, was placed on top of a coverslip (No. 1,
Braunschweig, Germany). After all water had evaporated, a droplet of immersion oil
(Immersol 518 F, Jena, Germany) was placed at the same spot and capped with
another coverslip of smaller size. Subsequently, the gap between the two coverslips was
sealed with two-component silicone (Wirosil, Biidingen, Germany). The
use of immersion oil ensured a constant refractive index within the sample in order to
avoid reflections other than off the gold beads.

Reflection measurement: Reflections off gold beads were measured with the same
setup as described in subsection[£.1.2] The[T1:Sa]laser was set to a wavelength of 760 nm.
The excitation and depletion focus were imaged separately by alternate switching of the
diode and the laser. To avoid an overload of the photomultiplier, several neu-
tral density filters were used to attenuate both the excitation and, especially, the high
intensity depletion beam.

4.1.4. Timing for Optimal Fluorescence Quenching by STED

For optimal fluorescence quenching by stimulated emission, the depletion photons should
arrive at the sample immediately after excitation. Thus, spontaneous emission of fluo-
rescence photons is suppressed around the central zero of the doughnut shaped depletion
[PSF] which is the principle of STED] microscopy. As a consequence, the use of [CW]exci-
tation and depletion requires a very high intensity of the depletion beam to ensure early
depletion (see subsection. In pulsed excitation followed by time gating
of the fluorescence response (g has helped to significantly reduce the intensity
required for efficient depletion [70]. The advantage of lies within the simpli-
fication of the setup, since no synchronization between excitation and depletion laser is
required. Also, [CW]lasers are less expensive, more compact and easier to maintain than
high power pulsed sources. However, even in g¢fSTED] a lot of depletion light is wasted,
so a high average power density is required. Photodamage and undesired effects such as
optical trapping can be a problem when working with biological specimens. In contrast,
by concentrating the depletion photons to a short burst immediately following the excita-
tion pulse, stimulated emission is most efficient. Thus, the use of both pulsed excitation
as well as pulsed depletion is principally superior in terms of the depletion efficiency-to-
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4.1. Stimulated Emission Depletion Microscopy

intensity ratio. Fig. [4.6,c shows single Atto550 molecules imaged in confocal mode.
Application of 38 mW of at 642nm yielded a moderate resolution enhance-
ment, the average of the molecules was ~ 90nm (Fig. ) In contrast, by
using pulsed at 2 MHz (see subsection with only 3.6 mW of average inten-
sity, a mean of ~ 50nm was feasible (Fig. [4.6d). As the resolution in
microscopy scales with the square root of the depletion intensity (equation , the
same resolution would have required > 120 mW of Yet, at 2 MHz repetition
rate, image acquisition was slow, usually with a pixel dwell time of 100 — 500 ps. The
correlation spectrocopy technique described in subsection however, requires pixel
dwell times of 8 — 20ps. Therefore, a second configuration running at a repetition rate
of 80 MHz was constructed as described in subsection 4.1.21

For evaluation of the respective arrival times, fluorescence was excited in a solution of
acompatible dye (Atto655) at a depth of 5 pm within the sample with an average
excitation intensity of 30 nW. By measuring the average count rate at the detector with
Fs71ED, and without Fonfocal, the depletion efficiency, 1, can be calculated
via

FsteD

. 4.1
Fconfocal ( )

n=1-

The resulting[STED| efficiencies at different delay times between excitation and depletion

STED efficiency
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Figure 4.6.: Temporal beam alignment. (a,b) Confocal and image of sin-
gle Atto550 dyes at 38 mW of average depletion intensity. (c,d) Confocal
and pulsed image of single Atto550 molecules at 3.6 mW of average
depletion intensity. (e) efficiency for different delay times between
excitation and depletion pulses (1cm = 30ps). The red line represents a
linear fit through the first three data points, whereas the blue line repre-
sents a fit of an exponential decay to the last five data points. Scale bars,
500 nm.
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pulses are shown in Fig. [4.6fe. If the depletion pulse arrives earlier than the excitation
pulse, all fluorophores are still in the ground state and, thus, there is no depletion effect.
This explains the steep decline in efficiency towards early times. Mathematically,
this trend can be described by the multiplication of the depletion and excitation pulses,
both approximated by rectangle functions, yielding a linear increase. A linear fit (red
curve) within this regime (first three data points) yielded a pulse length of ~ 90ps, a
result that matches the specification stated by the laser manufacturer (Fianium)), ver-
ifying the assumptions taken. If the depletion pulse arrives later than the excitation
pulse, fluorophores in the excited state can already spontaneously emit fluorescence. As
spontaneous emission follows an exponential decay, this trend is also represented in the
decline in efficiency towards later times. On the basis of an exponential fit (blue
curve) to the data within this regime (last five data points), the lifetime of the fluo-
rophores was estimated yielding ~ 0.8 ns, which is at least the same order of magnitude
as the 1.8 ns stated by the dye manufacturer . Another fact to consider is that
a change of wavelength for the excitation and/or the depletion beam, e.g., when working
with a different dye, requires different timing. Since the propagation time of the photons
is influenced by dispersion within the optical elements involved, a shift of the efficiency
curve was observed. The greatest influence on timing was caused by the wavelength de-
pendent dispersion within the single mode fiber of 2m length used for this experiment.
When working with the laser, this behavior became more pronounced due to the
100m of fiber length required for pulse stretching. Additionally, the response of the
photodiode used for triggering of the diode laser is wavelength dependent. Therefore,
every change of the depletion wavelength required a readjustment of the timing.

Materials and Methods

Dye solution: For quantitative evaluation of the efficiency, a dye solution was
prepared. Atto655 with a free COOH group (AD 655-21, was dissolved in
[dimethyl sulfoxide (DMSO)|yielding a stock solution of 2.4 mM. This solution was diluted
using purified water (Milli-Q, Billerica, USA) to a concentration of ~ 50 nM.
As sample holder, a hole was drilled into a block of teflon and sealed with a coverslip
(No. 1, using two-component epoxy adhesive (Epoxyd, Miinster, Ger-
many). The resulting volume was filled with ~ 200 ul of dye solution and sealed with
another coverslip.

STED setup: The setup as described in subsection was used for this
measurement. Fluorescence was filtered by a 676/37nm bandpass filter (HC 676/37,
Semrock]|).

4.1.5. Polarization

Last but not least, the state of polarization is important for the formation of the depletion
pattern. Excitation as well as depletion light are initially linearly polarized. While
the designed for resolution enhancement in z-direction (see subsection [2.5.4) works
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with any kind of polarization, light of circular polarization is crucial for the helical
(VPP1la, [RPC Photonics]) used for in the zy-direction [123]. In Fig. 4.7h,
the depletion pattern for linear (middle) and circular polarization (bottom) is shown,
respectively. The most important aspect of the depletion pattern, the central zero,
is lost for linear polarization. As an additional benefit of using circularly polarized
light, photoselection of the dye molecules due to different orientations of their excitation
dipoles is avoided. To obtain circular polarization, the combined excitation and depletion
beams passed through a quarter-wave plate before entering the objective lens. For
optimal positioning of the quarter-wave plate, fluorescence correlation spectroscopy was
performed on a lipid bilayer labeled with a compatible dye (Atto647N). Based
on a constant average marker concentration within the bilayer, the amplitude from the
correlation measurement is proportional to the inverse of the extension of the confocal
volume (see subsection . By maximizing the correlation amplitude, the optimal
position of the quarter-wave plate was obtained (Fig. )

:ﬁii'ii ﬁi{i {

80 100 120 140 160 180
M4 position (deg)

Figure 4.7.: polarization dependence. (a) For the helical (top), irradiation
with linearly polarized light resulted in a depletion pattern without a clear
central zero (middle). For correct orientation of the quarter-wave plate,
yielding light of circular polarization, the central zero was well defined
(bottom). (b) Amplitudes of a experiment in a lipid bilayer. Opti-
mal orientation of the quarter-wave plate resulted in the smallest possible
observation volume, i.e., in a maximum of the correlation amplitude.

67



4. Implementation of Advanced Fluorescence Microscopy

Materials and Methods

Lipid bilayer preparation: Planar lipid bilayers were prepared according to subsec-
tion [3.2.3

STED setup: The [STED| microscope described in subsection with the helical
and a depletion wavelength of 780/20 nm, was used for these measurements. The
fluorescence emission was filtered by a 676/37 nm bandpass filter (HC 676/37, ,
recorded with a system (Simple-Tau 152, [Becker & Hickl) and autocorrelated
with the company’s software.

4.2. Total Internal Reflection Microscopy

4.2.1. Implementation of TIRFM for Live Cell Imaging

In general, there are two basic geometries used for [total internal reflection (TIRF)| mi-
croscopy. In prism-based excitation is decoupled from detection (Fig. )
One side of the sample is covered by a prism, usually made of quarz glass. Due to
the shape of the prism, incident excitation light strikes the interface of prism and the
aqueous solution, immersing the specimen at angles larger than the critical angle (see
subsection . Thus, an evanescent field is created at the interface, and excitation of
the sample fluorophores is limited to the depth of that field. The other side of the sample
is covered by a standard coverslip, followed by the objective lens used for fluorescence
detection.

In objective-type [TIRFM] the specimen is excited and fluorescence is detected via the
same objective lens (Fig. ) As in standard widefield epifluorescence microscopy,
the excitation light is focused into the back focal plane of the objective lens, such that
the entire field of view is homogeneously illuminated. By displacing the incident beam
from the optical axis, the excitation beam leaves the objective at an angle. At some
point, the critical angle is reached, causing total reflection at the interface of cover-
slip and aqueous solution of the sample. However, this geometry requires the use of
special objective lenses with a very high [NA] With the definition of the critical angle,
Qerit = sin~1(n1/n2), (equation , the refractive index of the sample, ni, the refrac-
tive index of the imaging medium (objective immersion fluid), ng > ni, and the of
the objective lens, ns sin «, we obtain

NAcrit =ni. (42)

Assuming a specimen immersed in water, a[NA]of at least 1.33 is required. Additionally,
the back aperture of the objective lens must be large enough to allow for a sufficient
displacement of the excitation beam to reach the critical angle.

In contrast, a prism-based microscopy setup can be equipped with any objective lens
because the objective is used for detection only. Also, in prism-based [TIRFM] the angle
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Figure 4.8.: [TIRFM| implementations. (a) Prism-based [TIRF| microscopy. (b) Objec-
tive-type |T[_HF| microscopy.

of incidence is not limited by an aperture, in principle providing the lowest possible
excitation depth, i.e., the best possible background suppression. Finally, since excitation
and detection paths are decoupled, there is no need for any beam separation by means
of an optical element and, thus, fluorescence photon throughput is maximized. However,
if a high lateral resolution and photon yield are necessary, only high{NA] objectives are
suitable for detection. Such objective lenses have a small working distance (100—200 pm),
limiting the total thickness of the sample in prism-based [TIRF| microscopy. In live cell
imaging, limited sample space is a severe problem. While cell thickness is usually in the
range of only a few tens of microns, they require a reservoir of cell culture medium in
order to sustain their metabolism. Also, sample handling is more difficult in prism-based
[TIRFM] After each sample change, slight variations in the position of the prism require
an adjustment of the excitation beam. Furthermore, the illumination mode via excitation
through an objective lens, i.e., [TIRF] or epifluorescence, can be quickly changed by a
variation of the excitation beam displacement from the optical axis. Being able to
promptly switch the excitation mode is very helpful for studies of cellular structures at
different depths, e.g., the plasma membrane and the nucleus. These simple practical
issues favor the application of objective-type for live cell imaging.
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4.2.2. TIRF /Epi-illumination Microscopy Setup

For and epi-illumination widefield microscopy, a custom-built setup was con-
structed (Fig. [4.9)). It is based on a modified inverted microscope (Axio Observer.Z1,
Zeiss|) equipped with an oil immersion objective (Plan-Apochromat 63x/1.46 Oil,
Zeiss)). Four laser lines including 640 nm (OXX-LBX, Wessling, Germany),
561 nm (GCL-150-561, Reno, USA), 473 nm (LSR473-200-T00,
Berlin, Germany) and 405 nm (CLASII 405-50, Milpitas, USA) are combined
via dichroic mirrors (R405, R473, R561, Tiibingen, Germany) and coupled into
2m of (QPMJ-A3A, to create a clean, spatially uniform beam profile.
During the experiment, laser intensities are controlled via an (AOTFnC-400.650,
[AA Opto Electronic|). After passing the fiber and subsequent collimation, the laser
beam is magnified (3.75x) by a telescope. This measure ensures an even illumination
of the entire field of view (55 x 55 pm?) covered by the [electron multiplying charge cou-|
Ipled device (EMCCD)|camera (Ixon DV897TECS-BV, |Andor|, Belfast, UK) provided with
512 x 512 pixels and a minimum exposure time of 30 ms. The scan lens focuses the paral-
lel beam into the back focal plane of the objective lens, providing an epi-illumination of
the sample. By tilting a mirror placed within the image of the back focal plane created
by the scan lens, the beam can be displaced from the optical axis to change the exci-
tation to [TIRF] mode. At the same time, a portion of light is reflected by a polarizing
beamsplitter cube (PBS) and passes through the lens forming a telescope with
the scan lens via a second PBS. Upon opening the [FRAP|shutter and closing the illumi-
nation shutter, the objective is illuminated by a parallel beam resulting in excitation of
a spot confined to a diameter of 1 um in the lateral direction. This spot can be utilized
in experiments (chapter |§[) Fluorescence is collected via the same objective lens.
After passing a quad band dichroic mirror (z 405/473/561/640, , fluorescence light
is imaged onto a slit via the tube lens. The image is then relayed by another lens through
a 555 nm dichroic mirror , to split the fluorescence into two color channels.
After subsequent filtering via a 525/50 nm bandpass (green channel) and a 610/75nm
bandpass (red channel), respectively, light from both channels is focused side-by-side on
the [EMCCD] camera chip. The set of relay lenses is also used for image magnification
(2x) in order to provide a pixel size of 107 nm suitable forimaging. Alternatively,
a flip mirror can be used to direct the fluorescence onto a second, faster EMCCD)] cam-
era (Ixon EM+ DU-860, provided with 128 x 128 pixels covering a field of view
of 14 x 14pm? and a minimum exposure time of 2ms. In that optical path, the image
formed by the tube lens is magnified (2x) by a single lens. Before detection, fluorescence
is filtered by exchangable bandpass filters chosen according to the emission spectra of
the employed fluorophores. An incubator (XL-5 DARK, Erbach, Germany) cov-
ering the objective lens as well as the sample is used for measurements at 37°C. [AOTE]
and shutter signals are generated by a card (USB-6229, [National Instruments)
controlled by homemade software developed in Labview (National Instruments)) [124].
Images are acquired by the software provided by the camera manufacturer (Andor)).
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Figure 4.9.: Custom-built objective-type TIRF ep1—1llum1nat10n microscopy setup as

described in the text.
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5.1. Application of STED Microscopy

5.1.1. Experimental Verification of Fluorescence Quenching by STED

The saturation intensity for depends on the fluorescence lifetime and the stimu-
lated emission cross section of the dye at thewavelength employed (equation.
In order to generate stimulated emission, the wavelength has to be within the
range of the emission spectrum of the fluorescent marker. At the same time, excitation
by means of the depletion light must be prevented under any circumstance. Thus, the
dye should not at all be excitable at the depletion wavelength. Therefore, dyes with
a large Stokes shift are preferred in microscopy. In a measurement, the
residual fluorescence after depletion is probed. For this purpose, a filter is placed in front
of the detector to block reflected excitation light. Yet, backscattered depletion photons
would also distort the measurement. Thus, the wavelength of the beam must
be outside the detection window, limiting its application towards longer wavelengths
within the emission spectrum. As a consequence, dyes with a large vibronic shoulder
are preferred (Fig. ) Furthermore, the dyes must be quenched to the ground
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Figure 5.1.: Fluorescence quenching of Atto647N. (a) Absorption and emission spectra
of Atto647N (data provided by with respective excitation wave-
length, Aexc, detection window, Aget, and depletion wavelength, AgTeD.
(b) Normalized fluorescence intensity excited in an Atto647N solution at
various intensities (squares), fitted with equation plus an offset
to account for background (line).
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state by means of stimulated emission before they can spontaneously emit fluorescence
photons. The shorter the lifetime of the excited state, the more likely pre-depletion
emission can occur, and, in order to compensate for that, a higher depletion intensity is
required. Therefore, dyes with a long lifetime are more suitable for [STED] microscopy.
Also, during raster-scanning, each fluorophore is excited and depleted many times before
contributing to the image by spontaneous emission of fluorescence photons in the center
of the focal spot. Consequently, STED}dyes should be very resistant to photobleach-
ing. The dye Atto647N meets all these criteria and is thus widely applied in [STED]
microscopy [71,/125-H127]. For evaluation of the fluorescence quenching by stimulated
emission, we focused 5pm deep into a solution of Atto647N, exciting fluorescence at an
average intensity of 30 pW using 640-nm light. Hence, the average photon count was
recorded for 30s using various intensities of the depletion beam (Fig. ) Subse-
quently, we fitted the data with equation which resulted in a saturation intensity
of Lsat,780nm = 15mW for Atto647N at a depletion wavelength of 780nm. Based on a
focal area of 0.25um? for the depletion beam, obtained from a reflection measurement
on gold beads (subsection, this saturation intensity translates into a power density
of 6 MW /cm?, confirming the value estimated in subsection m

Materials and Methods

Dye solution: For quantitative evaluation of the[STED]efficiency, a solution of Atto647N
with a free COOH group (AD 647N-21, [Atto-Tec)) was prepared as described in subsec-
tion ELT.4L

STED setup: The high repetition rate setup as described in subsection |4.1.2
was used for this measurement. Emission light was filtered by a 676/37 nm bandpass

filter (HC 676,37, [Semrock).

5.1.2. Experimental Verification of the Resolution Enhancement by STED

In order to determine the resolution enhancement by means of STED] point sources can
be imaged. A structure can be considered as a point-like emitter if it is smaller, ideally
at least one order of magnitude smaller, than the minimum distance resolvable by the
imaging system. If that condition holds, the width of the emitters within the acquired
images is determined by the optical resolution. Fluorescent beads are a popular choice
for benchmarking [119,/128,/129]. They are bright, photostable and do not show any
blinking because the signal originates from multiple fluorophores within a single bead.
Fig. shows fluorescence images of 20 nm dark red beads as an overlay of confocal
and [STED] images acquired by pulsed excitation at 640nm with an average intensity
of 0.5uW and depletion at 750/20 nm with an average intensity of 3.6mW, both at a
repetition rate of 2 MHz. The sample was raster-scanned with a pixel size of 20 nm and
a pixel dwell time of 200 ps. The resolution enhancement due to [STED]is obvious from
the magnified areas shown in Fig. [5.2b-e. For a single bead, an exemplary evaluation
of the cross section resulted in a of 258 nm for the confocal and 48nm for the
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5.1. Application of STED Microscopy

image, respectively (Fig. ) Yet, the width measured is a convolution of
the of the microscope and the intrinsic size of the beads, here 20nm in diameter.
This extension of the underlying structure could have been removed from the resulting
data by deconvolution. However, the exact diameter of each individual bead can vary,
leading to errors. Instead, another surface covered with single Atto647N molecules was
prepared for a more precise analysis of the resolution. Bleaching and blinking was
compensated by imaging an area large enough to ensure a high number of valid signals.
The resulting confocal and images are shown as an overlay and as individual
subsets in Fig. [5.2g-k. An exemplary evaluation of the cross section of a single dye
molecule resulted in a[FWHM]of 298 nm for the confocal and 45 nm for the image,
respectively (Fig. [5.2]). For better statistics, the of a total of 375 molecules
were analyzed by fitting the signal of the individual emitters with a 2D Gaussian. This
procedure resulted in an average of (49 &+ 10) nm for the image, while
the extension in confocal mode was ~ 250nm. Thus, a five-fold improvement of the
lateral resolution was obtained by For a quantitative evaluation of the resolution
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Figure 5.2.: (a,g) Fluorescence images of 20nm beads and single Atto647N molecules
in a confocal (upper-left) and (lower-right) overlay. (b,d and h,j)
Confocal and (c,e and i,k) images of the regions marked by the
white frames. (f,1) Cross sections of a single bead/dye taken from the
confocal (top) and [STED]images (bottom), respectively. Scale bars, 1jm
(panels a,g) and 300nm (panels c,e,i,k).
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5. Application of STED Microscopy

scaling of microscopy, single dye molecules were imaged using pulsed excitation
at 640nm with an average intensity of 1.31pW and a depletion wavelength of 780 nm
at various intensities, both at a repetition rate of 80 MHz. Four examplary images of
single dye molecules are shown in Fig. at depletion intensities of 0mW, 32mW,
100mW and 203 mW, respectively. The spatial resolution was quantified by fitting a
2D Gaussian to 20 individual molecules (Fig. [5.3b). In confocal mode, the signals of
the individual molecules exhibited a of (239 £ 15) nm, whereas, at 203mW of
intensity, the reduced to (69 = 18) nm. The trend is well reflected by the
square root law describing the resolution in microscopy (equation which was
fitted to the data, verifying the assumptions taken. A depletion wavelength of 780 nm
was chosen because it produced the best results for application to the fluctuation
methods described in section [3.3

Instead of measuring the width of the signals originating from individual, point-like
emitters, objects with substructures causing dips in the fluorescence intensity can also be
used to demonstrate the capability of microscopy. Therefore, unilamellar vesicles
of various sizes were prepared. Since only the membrane was labeled, no fluorescence
was to be expected from the inside, which should result in a dip in the course of the
cross section. In the confocal image, the vesicles were too small to be identified as hollow
objects (Fig. ) However, application of yielded the resolution improvement
required to distinguish vesicles from solid spheres (Fig. ) By taking the cross
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Figure 5.3.: (a) Fluorescence images of single Atto647N dyes at [STED]| intensities of
0mW, 32mW, 100mW and 203mW (top to bottom), using a depletion
wavelength of 780nm. (b) Quantitative analysis of the [FWHM] of single
Atto647N dyes at various [STED| intensities (squares). For each depletion
intensity, 20 molecules were fitted with a 2D Gaussian. The resulting data

points were fitted with equation (red line). Data were acquired and
analyzed in collaboration with Rosmarie Blomley. Scale bar, 200 nm.
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5.1. Application of STED Microscopy

section from the image followed by subsequent fitting of a Gaussian function to
each peak, a wall-to-wall distance of 470 nm was obtained for that particular vesicle

(Fig. [5.4k).
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Figure 5.4.: Fluorescence images of unilamellar vesicles labeled with Atto647N-DPPE,
(a) confocal image and (b) image, respectively. (c) Cross sections
along the direction indicated by green arrows in the confocal (gray circles)
and [STED] (black squares) images, respectively; blue lines, Gaussian fit of
each peak resulting in a peak-to-peak distance of 470 nm; red line, sum of
both Gaussians. Scale bar, 1pnm.

Materials and Methods

Surface covered with 20 nm beads: A solution of deep red fluorescent beads of
20 nm diameter (F-8783, , Grand Island, USA) was diluted to a concentration
of ~ 100nM using purified water (Milli-Q, [Millipore). A droplet (~ 20pl) of solution
was placed on top of a coverslip (No. 1, Menzel). After evaporation of the liqid, the
spot was covered with PMMA.

Surface covered with Atto647N dyes: Atto647N featuring a free NHS group (AD

647N-21, [Atto-Tec) was dissolved in [DMSO)] yielding a stock solution of 2.4 mM. This
solution was diluted to a concentration of ~ 100 nM using purified water (Milli-Q,

[pore). A droplet (~ 20pl) of solution was placed on top of a coverslip (No. 1, [Menzel).
After evaporation of the ligid, the spot was covered with immersion oil (Immersol 518

F, . A second coverslip of smaller size was placed on top and sealed with two-
component epoxy adhesive (Epoxyd, .

Unilamellar vesicles labeled with Atto647N: |Giant unilamellar vesicles (GUVs)|
were prepared by dissolving[DOPC| (Avanti Polar Lipids|) and cholesterol (Sigma-Aldrich))
in chloroform at a ratio of 4:1. Atto647N-DPPE (Atto-Tec) was added in the amount
of 0.01 mol% to the stock solution (1mg/ml). For formation, a homemade teflon
chamber was used housing two platinum wires. On those wires, 6l of lipid solution was
spread, followed by a 2 h evaporation step under vacuum to allow for solvent dissipation.
The teflon chamber was filled with 350 1l of sucrose solution (300 mM) and heated to
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5. Application of STED Microscopy

60°C. A sinusoidal voltage of 2V at a frequency of 10 Hz was applied to the platinum
wires for 1.5h, followed by 15min at a freqency of 2Hz. An observation chamber was
incubated with a blocking solution of 2mg/ml bovine serum albumin (BSA)| for 30 min.
After rinsing the observation chamber with water, 350 ul of glucose solution (300 mM)
were added before transfer of the suspension from the teflon chamber. were
prepared by René Dérlich.

STED setup: The microscope hardware complies with the description in section[4.I] the
helical was used for these measurements. Emission light was filtered by a 676/37 nm

bandpass filter (HC 676/37, [Semrock)).

5.1.3. Application of STED Microscopy to Biological Specimens

Several subcellular structures were fluorescently labeled in fixed as well as in live cells and
imaged by standard confocal as well as microscopy. Often, subcellular structures
cannot be fully resolved by standard diffraction-limited visible light microscopy whereas
microscopy provides a more detailed insight into their composition and function.

Cell Membrane

The cell membrane itself as well as many embedded proteins with an extracellular domain
such as receptors, glycoproteins or transport channels can be fluorescently labeled from
the outside. Thus, these structures are perfectly suited for live-cell microscopy,
since works best with state-of-the-art synthetic dyes that are often not membrane
permeable [130]. Fig. displays the fluorescence image of a live [Xenopus tissue|

cell adhering to the coverslip surface with the plasma membrane labeled
by Atto647N-DPPE. Fluorescence was excited with laser pulses of 640 nm wavelength
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Figure 5.5.: (a) Fluorescence image of the plasma membrane of a live cell labeled
with Atto647N-DPPE. (b,d) Confocal and (c,e) images of the re-
gions marked by the white frames. (f) Cross sections along the feature
indicated by arrows in confocal (top) and mode (bottom). Scale
bars, 10 pm (panel a) and 2 pm (panels c,e).
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5.1. Application of STED Microscopy

and an average intensity of 3pnW, whereas fluorescence was depleted at 780nm and
160mW of average intensity, both at a repetition rate of 80 MHz. At this high rate, the
pixel dwell time of the raster scan could be reduced to 10 ps to minimize image blurring
due to cell movement. The regions of interest marked by the white boxes are shown
in Fig. [5.5b-e as acquired in standard confocal mode and by application of A
fit of the cross section indicated by arrows with a Gaussian resulted in an [FWHM] of
758 nm in confocal mode. However, in STED|mode, a substructure exhibiting two peaks
was revealed. Analysis by fitting two Gaussians resulted in a mutual distance of 191 nm
(Fig. [5.5[f).

FceRl Complex

In another experiment, the membrane-bound, high affinity FceRI receptor was labeled
by Atto647N-IgE in live RBL-2H3 mast cells. This receptor plays an important role
in triggering of immune reactions as described in detail in subsection After cell
adhesion, clustering of the FceRI receptor complex in sub-micron sized patches was
detected by confocal fluorescence microscopy (Fig. ) Again, after zooming into
regions of interest indicated by the white boxes, application of [STED] revealed a much
more detailed substructure than standard confocal imaging (Fig. —e). Quantitative
analysis of the cross section as indicated by arrows resulted in an unclear structure
for the confocal image, whereas the [STED| image revealed three clusters with mutual
distances of 259 nm and 292 nm (Fig. ) Fluorescence was excited with laser pulses of
640 nm wavelength and an average intensity of 3 uW, whereas fluorescence was depleted
at 780 nm and 100 mW of average intensity, both at a repetition rate of 80 MHz. Images
were raster-scanned at 10 s dwell time per pixel.
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Figure 5.6.: (a) Fluorescence image of the FceRI complex in the plasma membrane of
a live RBL-2H3 mast cell labeled with Atto647N-IgE. (b,d) Confocal and
(cye) images of the regions marked by the white frames. (f) Cross
sections along the feature indicated by arrows in confocal (top) and
mode (bottom). Scale bars, 2pm (panel a) and 500 nm (panels c,e).
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Microtubules

The cytoskeleton, composed of actin filaments and microtubules, is a fine network in
the cytoplasm that is responsible for the structural integrity of a cell. Furthermore,
cytoskeletal filaments are essential for many dynamic processes such as intracellular
transport, cell adhesion and cell division. Microtubules are hollow cylindrical structures
composed of bundled protofilaments present in all eukaryotes. A single protofilament
is formed by a repeating arrangement of a- and S-tubulin heterodimers. Originating
from microtubule organizing centers, microtubules are used as highways for organelle
transport; the cargo is moved toward the plus-ends of microtubules by kinesins [131]
and toward the minus-ends by dyneins [132]. During cell division, microtubules form
the mitotic spindle that determines the plane of cell cleavage followed by segregation
of the chromosomes to the opposite poles of the spindle. Microtubules are an ideal
benchmark for nanoscopy. Other methods such as electron microscopy revealed their
well defined diameter of 25nm [133]. Fig. displays the fluorescence image of a
fixed HeLa cell with the microtubules labeled by Alexa594-3-tubulin. Due to the optical
sectioning capability, confocal imaging of a subregion showed single microtubules at a
high signal-to-noise ratio, yet image resolution was limited by diffaction (Fig. )
By application of this limitation was overcome, resulting in a more detailed

d ;1 0 = raw data e 1.0 = raw data f 1.0 " raw da.ta
s ; e Gaussian
>o0s Gaussian Gaussian fit 05
§ : ——sum 58 nm FWHM ’ 51 nm FWHM
=0.04 = 0.0 A 0.0
= 0‘00 250 500 750 0 250 500 0 250 500

position (nm) position (nm) position (nm)

Figure 5.7.: (a) Fluorescence images of microtubules in a fixed HeLa cell labeled with
Alexab94-S-tubulin. (b) Confocal and (c) images after zooming
into the region of interest marked by the white frame. Indicated by arrows
are three cross sections; their intensity distributions are shown below.
Gaussian fitting resulted in a distance of (d) 114nm and width of (e)
58 nm and (f) 51 nm for the analyzed structures. Scale bars, 20 pm (panel
a) and 2pm (panel b).
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insight into microtubule arrangement (Fig. ) What appeared as a single strand in
standard confocal mode actually resolved into two individual microtubules in the
image. A fit of two Gaussians revealed a mutual distance of 114nm (Fig. [5.7d). An
evaluation of the of single strands resulted in 58 nm (e) and 51nm (f) for the
image, whereas the widths in the confocal image were 277 nm and 283 nm. This
corresponds to a more than five-fold improvement in image resolution. The resolution
of the image was even better than 50 nm, considering the intrinsic 25-nm width
of the tubule structures. Fluorescence was excited using 560-nm light at an average
intensity of 1.8 uW, whereas fluorescence was depleted within a band of 670/20 nm with
2.5 mW of average intensity. The pulse repetition rate was set to 2 MHz; images were
raster-scanned at 200 s pixel dwell time.

Actin

Actin is found in almost all eukaryotic cells. While being a highly conserved protein,
actin has to perform many different tasks. Arranged into filaments, the actin network is
responsible for, e.g., cell motility and forms the contractile apparatus of muscle. A more
detailed introduction to the role of the actin protein is presented in subsection [7.1.1] For
a single actin bundle, a diameter of 35 nm has been reported, however, several of such
bundles can arrange into thicker structures [134]. In this experiment, actin was labeled by
Atto647N-phalloidin staining fixed HeLa cells (Fig. [5.7a). The helical was replaced
by a circular causing a relative phase shift of 7 in the central region of the depletion
beam. The resulting depletion pattern displays a central zero flanked by two strong
lobes in axial direction (see subsection [2.5.4)). Therefore, a resolution enhancement in
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Figure 5.8.: (a) Fluorescence image of actin in a fixed HeLa cell labeled with Atto647N-
phalloidin. (b,d) Confocal and (c,e) images of single xz- and yz-
planes indicated by dashed lines (panel a). (f) Intensity distributions
across the feature indicated by arrows. Gaussian fitting resulted in a
[FWHM] of 492nm for the confocal (top) and a width of 141nm for the
STED| image (bottom). Scale bars, 5um (panel a) and 2 pm (panels c,e).
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axial direction was to be expected. Subsequently, a 3D-stack with a voxel size of 80 nm
was recorded for an entire cell, a single xy-plane is shown in Fig. [5.7p. From this
stack, single zz- and yz-planes were extracted (Fig. -e). A comparison of confocal
and [STED] images confirmed the resolution enhancement in axial direction by emission
depletion. A quantitative evaluation of the cross section marked by arrows resulted in a
[FWHM] of 492 nm for the confocal image, whereas the FWHM] of the actin filament was
only 141nm in the [STED] image, corresponding to a 3.5-fold increase in z-resolution.
Fluorescence was excited using 640-nm light at an average intensity of 0.5 pW, whereas
fluorescence was depleted within a band of 740/20 nm with 2.2 mW of average intensity.
The pulse repetition rate was set to 2 Mhz, images were raster-scanned at 200 ps dwell
time per pixel.

Focal Adhesions

Another interesting research area in cell biology addresses focal adhesions. These cell-
matrix adhesions are large macromolecular assemblies responsible for cell anchorage onto
surfaces. Through focal adhesions, which contain over one hundred different proteins, the
cytoskeleton of the cells connects to the extracellular matrix. In this assembly, integrins,
which consist of one a- and one -unit, mediate the contact between focal adhesions and
proteins of the extracellular matrix, such as fibronectin. In the intracellular domain, e.g.,
integrin binds to actin filaments [135] via the adapter protein a-actinin [136]. In this
work, Sl-integrin was labeled by the antibody 8C8 rendered fluorescent by attachment
of Atto647N. Fig. shows a fluorescence image of a live cell after attachment
to the coverslip. Focal adhesions of various sizes and shapes are visible. In Fig. [5.9b-e,
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Figure 5.9.: (a) Fluorescence image of Sl-integrin labeled by Atto647N-8C8 in a live
cell. (b,d) Confocal and (c,e) [STED| images after zooming into

a small region of interest. (f) Cross section along the feature indicated
by arrows for the confocal (top) and [STED|image (bottom). Scale bars,
20pm (panel a) and 1pm (panels c,e).
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regions of interest are shown in confocal and in[STED|mode, respectively, demonstrating
the sub-diffraction resolution achieved by [STED] A quantitative evaluation of the flu-
orescence signal along the direction indicated by arrows revealed three features for the
[STED) image, whereas this structure was blurred in the confocal image. Fluorescence
was excited with laser pulses of a wavelength of 640nm and an average intensity of
1.6 pW, whereas fluorescence was depleted at 780 nm and 100 mW of average intensity,
both at a repetition rate of 80 MHz. Images were raster-scanned at 20 s dwell time per
pixel.

Materials and Methods

STED setup: The microscope hardware matched the description given in section [4.1
For 3D image acquisition of actin by Atto647N-phalloidin staining in fixed HeLa cells,
the helical phase plate was replaced by the circular phase plate. Fluorescence was filtered
by a 676/37 nm bandpass filter (HC 676/37, for Atto647N and by a 600/37 nm

bandpass filter (HC 600/37, [Semrock]) for Alexa594.

Protein labeling: Atto647N-DPPE lipids were mixed with [BSA] to avoid micelle for-
mation in aqueous solution [137]. Briefly, 100 nM of Atto647N-DPPE (Atto-Tec|) stock
solution (CHCl3) was dried under vacuum followed by addition of ethanol (20yul) to
dissolve the dried lipids. For complex formation, 1 ml of defatted [BSA]solution (100 pM
defatted [BSA|in [HEPES-buffered Dulbecco’s modified Eagle’s medium (HDMEM)|) was
added and vigorously vortexed. Addition of 9ml yielded a final concentra-
tion of 10 pM The monoclonal antibodies $1-integrin 8C8 (Hybridoma Bankl Towa
City, USA) and anti-DNP IgE (Sigma-Aldrich) were incubated with Atto647N-NHS
for 2h at 24°C according to the labeling instructions provided by the manu-
facturer. Then, the solutions were purified by gel filtration using Sephadex G-25 columns

(Sigma-Aldrichl).

Cell labeling: For studying the cell membrane, [XTC] cells attached to chamber slides
were incubated on ice for 30 min with Atto647N-DPPE-BSA. For studying focal adhe-
sions, cells cultured in [Dulbecco’s modified Eagle’s medium (DMEM )| containing
30% H50 and 10% fetal bovine serum at 24°C and 7% CQO4 were first solubilized in com-
plete medium using 10% chicken serum and 2mM EDTA. For labeling of S1-integrin,
~ 10* cells were incubated with Atto647N-8C8 (15uM) for 40 min at 4°C under con-
stant motion. After that, the cell solution was transferred into chamber slides coated
with fibronectin. [XTC| integrins were labeled by Claudia Winter. For studying dy-
namics of the FceRI complex, RBL-2H3 mast cells cultured in [DMEM] supplemented
with 15% fetal bovine serum at 37°C, 5% COgy and 95% humidity were incubated with
Atto647N-IgE (15pM) for 90 min at 37°C, 5% COz and 95% humidity. The cells were
then harvested, washed twice with calcium free phosphate buffered saline (137 mM NaCl,
2.7mM KCl, 6.4 mM NasHPOy,, 1.5mM KHyPOy4) and resuspended in Tyrode’s buffer
(137mM NaCl, 2.7mM KCI, 1mM MgCly, 1.8 mM CaCly, 0.2mM NagHPOy4, 12mM
NaHCOs, 5.5 mM D-glucose) with 0.1% bovine albumin serum. Then the cell solution
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was transferred into chamber slides. Mast cells were labeled by Emmanuel Oppong.
For imaging of microtubules, HeLa cells cultured at physiological conditions were fixed
using 4% PFA in followed by permeabilization of the cell mem-
brane with a solution of containing 2% and 0.1% Triton X-100 for 30 min.
For labeling of tubulin, the cells were first incubated with 1:1000 of polyclonal rab-
bit anti-S-tubulin (Thermo Scientific, Langenselbold, Germany), followed by incubation
with 1:300 of Alexa594 mouse anti-rabbit IgG (Invitrogen)), both at 4°C for 12h. Micro-
tubules in HeLa cells were labeled by Naghmeh Azadfar. For imaging of actin, HeLa
cells cultured at physiological conditions were fixed using 4% PFA in
followed by permeabilization of the cell membrane with a solution of contain-
ing 0.1% Triton X-100 for 15min. For labeling of actin, the cells were incubated with
1uM of Atto647N-phalloidin at 24°C for 70 min. Actin in HeLa cells

was labeled by Rosmarie Blomley.

5.1.4. Summary STED Imaging

As part of this work, a microscope was implemented and characterized. Fluo-
rescent beads as well as single dye molecules were imaged with a spatial resolution of
40—60nm. Consequently, several fluorescently labeled biological specimens were probed
by [STED] microscopy. In HeLa cells, the arrangement of microtubules was visualized in
great detail at a lateral resolution more than five times as high as the resolution in
standard confocal mode. With a different depletion pattern, 3D stacks of actin were
acquired at 3.5 times the standard confocal resolution in the axial direction. For those
fixed specimens, the limited temporal resolution of the image acquisition process (several
minutes) due to a pulsed laser configuration with a repetition rate of only 2 MHz was
not an obstruction.

To study dynamic samples, a second laser configuration with a pulse repetition rate
of 80 MHz was implemented. At that repetition rate, the image acquisition time could
be reduced to a few seconds. Thus, in living cells, lipids in the plasma membrane, focal
adhesions and membrane-bound receptors were imaged by [STED] microscopy. Within
small, micron-sized regions of interest the temporal resolution could be increased to a
few frames per second. Yet, processes even faster than that are accessible by STED]
microscopy. In the next section it is shown how the time structure of a raster-scanned
image can be used to uncover dynamics on the microsecond timescale, such as particle
translation due to diffusion.
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5.2. Application of STED to Fluctuation Spectroscopy

5.2. Application of STED to Fluctuation Spectroscopy

5.2.1. The ldea of STED-FCS

Particle translation dynamics such as free diffusion of fluorescently labeled particles
in a lipid bilayer can be probed by (see subsection . Yet, the fluctuations
in fluorescence intensity caused by particle movement can only be measured at low
average occupation numbers of the molecules inside the observation volume. Otherwise
the fluorescence variability caused by particle dynamics is small compared to noise-
related fluctuations, e.g., photon shot noise and detector noise. In standard confocal
microscopy, the size of the observation volume is governed by diffraction, resulting in
a size of ~ 0.1fl. Spatial confinement to ~ 200nm in the zy-direction is a result of
focusing light by means of a high [NA]objective lens, whereas the limitation to ~ 500 nm
in the z-direction is a consequence of either introducing a limiting aperture (pinhole), or
of exciting fluorescence using a multi-photon process. Thus, the usable concentration is
limited to the pico- to nanomolar range. However, if, e.g., a low affinity binding process
is under study, high ligand concentrations are required. Or, in living specimens, the
concentrations cannot be controlled at all. In microscopy, the effective size of
the observation volume can be regulated by the intensity of the [STED] beam to probe
a smaller fraction of molecules (Fig. [5.10). At higher concentrations, a decrease of the
observation volume can keep the average number of monitored molecules at a level that
still produces meaningful correlation amplitudes. Thus, by the application of [STED]
the usable concentration range of [FCS|is extended. As an additional benefit, sample
inhomogeneities at small, subdiffractional spatial scales, such as the formation of lipid
rafts and transient lipid-protein interactions, can be detected by [STEDHFCS] [128,[137].
In a standard confocal measurement, fluctuations due to such interactions are hidden
from the observer because of the limited spatial resolution.
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Figure 5.10.: FCS| Principle. (a) In a lipid bilayer, the fluorescence of freely
diffusing molecules passing through a static confocal volume is continu-
ously monitored over time (left). By application of the size of the
observation volume can be reduced (right). (b) As a result, the corre-
lation amplitude increases with increasing intensity (indicated by

arrow).
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5. Application of STED Microscopy

5.2.2. Characterization of STED-FCS

For quantitative evaluation of the reduction of the effective observation volume by means
of a lipid bilayer marked by Atto647N[DPPE| was prepared. A confocal image of
such a bilayer is shown in Fig. [5.11h. Fluorescence intensity time traces were recorded at
the indicated spot using depletion intensities of 0 — 200 mW, followed by autocorrelation
of the data. The resulting correlation curves were fitted by an equation modeling free,
two-dimensional diffusion (Fig.[5.11p). At a fixed concentration, the average number of
particles residing within the observation volume is directly proportional to the size of the
observation volume (equation. On the other hand, in microscopy, the width,
osTED, Of the effective focal spot is determined by the square root law (equation. As
a result, the average number of particles representing the inverse of the autocorrelation
amplitude, G(0), should scale with the applied intensity, IsTep, according to,

2

conf (51)

2 2IstED °
1+ O cont® Tsat

g,

< N > O'gTED =

This dependence was confirmed by a fit of equation [5.1] to the experimental data as

presented in Fig. .

It is noteworthy that this linear dependence of the autocorrelation amplitude, G(0),

on the power was only found at larger wavelengths. At wave-

lengths closer to the emission maximum of Atto647N, saturation occurred, as depicted
in Fig. [5.12] Presumably, this effect was due to excitation rather than depletion by

[STED] photons.

o
e

particle number ©
N B
© O

oL : : :
10° 0 50 100 150
STED power (mW)

Figure 5.11.: [STED in a lipid bilayer. (a) Fluorescence image of a lipid bilayer
labeled with Atto647N{DPPE] The location of the subsequent [FCS| mea-

surements is marked by a cross. Scale bar, 10um. (b) Autocorrela-
tion data (squares) and fits with a two-dimensional diffusion model (red
lines). (c) Average particle numbers that resulted from the fits at differ-

ent [STED)| intensities (dots) fitted by equation (red line).
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Figure 5.12.: Autocorrelation amplitudes of [STED measurements in a lipid bi-
layer labeled with Atto647N-DPPE| at different wavelengths and

intensities.

* *

Materials and Methods

Lipid bilayer preparation: Planar lipid bilayers were prepared according to subsec-
tion 3.2.3

STED setup: The [STED| microscope described in subsection with the helical
and a depletion wavelength of 780 nm, was used for these measurements. The flu-
orescence emission was filtered by a 676/37 nm bandpass filter (HC 676/37, [Semrock]),
recorded with a system (Simple-Tau 152, [Becker & Hickl) and autocorrelated
with the company’s software.

FCS data analysis: The data were fitted according to a model that took into
account diffusional dynamics, triplet state population and a kinetic term representing
changes in the fluorescence brightness. Thus, the model function was

_ 1
< N>

G(7)

Gp(1)-Gp(T) - Gk (1), (5.2)

with translational diffusion term, Gp(7), (equation [3.41)), triplet term, Gr(7), (equa-
tion , kinetic term, Gx(7), (equation and the average number of particles,
< N >, inside the observation volume. In the analysis, the characteristic time for triple
state population, 7, was fixed at 5ps, and the time for changes in brightness, 75, was
limited to a range of 50 — 150 ps [137].
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5. Application of STED Microscopy

5.2.3. The Concept of STED-RICS

In general, static [FCS| measurements work very well with structures displaying homoge-
neous dynamics over a wide area, so the point of observation is not relevant. However,
when it comes to simultaneous monitoring of multiple regions of interest as required
for samples with heterogeneous dynamics, static [FCY|is difficult to apply. Under these
circumstances, as is often the case with living cells and tissues, [RICS|is a more suitable
approach. In[RICS| a wide area is imaged by repeated scanning across the sample fol-
lowed by a correlation analysis of relevant subregions within the acquired images (see
subsection. By this multiplexing approach, for example, translational dynamics of
protein complexes in cell adhesions was studied and diffusion restrictions on
jsine triphosphate (ATP)[in rat cardiomyocytes were quantified . Furthermore, as
for other scanning methods [140}[141], such as line scanning or circle
scanning , bright immobile objects can be isolated and removed in data
analysis . In static [FCS| such objects distort the autocorrelation analysis and falsify
the results. Unfortunately, the spatial resolution of a mobility map obtained by [RICS)is
again limited by the optical resolution during image acquisition. However, by the appli-
cation of STED] to [RICS| dynamics can be studied within smaller regions of interest due
to the improved spatial resolution (Fig. ) Also, exhibits the same
benefits as STEDHFCS] At high particle concentrations a decrease of the effective size
of the observation volume yields more meaningful correlation amplitudes (Fig. [5.13pb).
Likewise, a higher spatial resolution enables the detection of sample inhomogeneities at
smaller spatial scales. Hence, the combination of [STED]|and [RICS] yields a powerful tool
for studying cellular dynamics.

Confocal STED
a onoca 0.8, 4 STED power

oS e
AR, et %i}

%&Wﬁ

o ‘ 2hET AR B
ok
ga

Figure 5.13.: STEDHRICS|Principle. (a) Fluorescence images of, e.g., the plasma mem-
brane of a cell are acquired by scanning the confocal volume across the
sample (left). By application of [STED)|the size of the observation volume

and, thus, the pixel size can be reduced (right). (b) As in [STEDHFCS|
the correlation amplitude increases with increasing [STED| intensity (red

arrow).
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5.2. Application of STED to Fluctuation Spectroscopy

5.2.4. Characterization of STED-RICS

To evaluate the performance of a lipid bilayer labeled with Atto647N-
[DPPE] was prepared as a model for diffusion within cell membranes. In this homogeneous
bilayer, a region of 2 x 8 um? (256 x 1024 pixels, 8 ps pixel dwell time) was imaged re-
peatedly (20 frames) at various intensities. Due to the high marker concentration
within the sample, the confocal volume is densely populated. As a result, in confocal
mode, the fluorescence fluctuations due to particle translation are small compared to
the fluctuations by photon shot noise (Fig. [5.14f, upper-left). At a wavelength
of 780 nm and a focal power of ~ 200 mW, the effective size of the observation volume
is significantly decreased (see subsection . Thus, due to the lower average num-
ber of molecules within the smaller volume, the movement of single markers in and out
of the observation volume strongly affects the fluorescence signal. These fluctuations

residuals
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Figure 5.14.: in a lipid bilayer. (a) Confocal laser scanning image of
Atto647N{DPPE]in confocal (upper-left) and mode (lower-right).
(b-d) Exemplary data sets of image correlations (dots) and subsequent
fitting of a function modeling free diffusion on a surface at 0 mW, 67 mW
and 188 mW of power, respectively. (e) Average number of parti-
cles obtained from [STEDHRICS|analysis as a function of the [STED|power
(dots) fitted by equation [2.98] (red line). (e) Average number of particles

as a function of the focal area, both obtained from analysis.

The particle concentration was determined by a linear fit (red line).

particle number =h
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5. Application of STED Microscopy

of the marker population appear as stripes in the image, emerging from an accidental
agreement of the motion direction of one or more markers with the scanning direction,
temporarily increasing the local marker concentration (Fig. , lower-right). Image
stacks of the same region were recorded in confocal mode and at nine different [STED]in-
tensities at 24°C. Eight sub-regions (128 x 128 pixels) were extracted from each image set
and autocorrelated, followed by fitting of a function modeling free diffusion (Fig. -
d). For the analysis, a reference value for the diffusion coefficient of the labeled lipids,
D = (2.9 4+ 0.4)um?/s, was determined by which is in good agreement with
the literature value, D = (3.5 4 0.3) um?/s, obtained for a similar sample [145]. In
Fig. [5.14k, the average particle numbers that resulted from the fits are plotted as a
function of the applied [STED] power. As for [STEDJFCS] the experimental data were
validated by a fit of equation 5.1} In Fig. [5.14f, the same average particle numbers are
plotted as a function of the focal areas obtained from the analysis. By a fit of equa-
tion the average particle concentration was determined, < C >= 277pm™2. At
high marker concentrations, application of STED] can significantly increase the precision
of a [RICS| experiment, as indicated by the reduced standard deviation at higher

intensities.

At the same time, [RICS| measurements can directly profit from an increase in spatial
resolution. In confocal particle movement within structures smaller than ~ \/2
cannot be mapped. Application of [STED]| to [RICS| can provide access to dynamics in-
side such structures. This is also true for static [STEDHFCS| which, however, does not
provide multiplexing. And, since the resolution of the diffusion map from a [RICS| mea-
surement scales with the image resolution, the multiplexing capability of STEDHRICS]is
even greater than of confocal [RICS| To prove this point, another lipid bilayer was pre-
pared that had local defects. The corresponding confocal and [STED]images are shown in
Fig.[5.15h,c. Small defects were washed out in confocal mode due to insufficient spatial
resolution. [RICY relies on the assumption that there is no variation of particle mobility
within the region of interest to be analyzed, here marked by a blue box (64 x 64 pixel,
2 x 2pm?). In confocal mode, the defects, which contained no molecules at all, were rep-
resented as dim patches of low marker concentration. Additionally, insufficient sampling
led to poor statistics for the intact area. Therefore, after image correlation, these local
variations appeared as false long-range correlations (Fig. ), rendering further data
analysis quite complicated. However, in mode, the defects were correctly imaged
as tiny, empty regions. Also, due to the increased image resolution, the image intensity
fluctations due to lateral diffusion were much higher giving rise to significantly improved
statistics for the populated regions. Thus, false long-range correlations hardly showed
up in the correlation functions (Fig. [5.15d).

An important aspect of both standard [RICS| and [STEDHRICS| measurements is the
use of appropriate pixel sizes. The pixel size has an influence on two image acquisition
parameters, the image resolution and the scanning speed. If the raster is too coarse,
the optical resolution available is not utilized and small subregions cannot be analyzed.
To be able to temporarily resolve the particle motion, the pixel dwell time, 7,, must be
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Figure 5.15.: Lipid bilayer with local defects. Compared to (a) standard confocal
imaging, the resolution enhancement by (b) 60 mW of power can
be seen from the projections of the image stacks recorded. For correlation
analysis, subregions of 64 x 64 pixels were selected (blue boxes). Image
details can be differentiated more clearly in [STED] mode, whereas they
are blurred in standard confocal mode (indicated by blue arrows). Thus,
false, long-range correlations showed up in (c) confocal mode, whereas
these were mostly suppressed in (d) mode. Scale bars, 1 pm.

smaller than the diffusion time, 7, < 7p. In laser scanning microscopy, the pixel size, ¢,
is related to the scanning velocity of the focus, vs, and the pixel dwell time via 0, = v,7).
On the other hand, the particle displacement, A,., due to, e.g., two-dimensional diffusion
with diffusion coefficient, D, is determined by

A, = \/AD1p. (5.3)

Thus, to be able to spatially resolve the underlying process, the pixel size should be

chosen such that
O0r < \/4DTp. (5.4)

As an example, the pixel-to-pixel correlation of [STEDHRICS| measurements in a lipid
bilayer labeled with Atto647N{DPPE]|using 200 mW of STED] intensity and various pixel
sizes is shown in Fig. The correlation amplitude increased with decreasing pixel
size and saturated at 10 nm.
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Figure 5.16.: Pixel-to-pixel correlation of[STEDHRICS| measurements on a lipid bilayer
labeled with Atto647N-{DPPE] using 200 mW of STED|intensity and var-
ious pixel sizes.

Since the diffusion coefficient of the lipid bilayer was known, it was used as a reference
for further live-cell experiments. For that purpose, the inverse of the focal area, which

was determined by [STEDHRICS| analysis (see Fig. ), was plotted as a function of
the [STED| power and modeled by a linear fit (Fig. [5.17).

Materials and Methods

Lipid bilayer preparation: Planar lipid bilayers were prepared according to subsec-

tion 3.2.3

STED setup: The [STED| microscope described in subsection was used, with
the helical [PP| and a depletion wavelength of 780nm. Fluorescence was filtered by a

676/37nm bandpass filter (HC 676/37, [Semrock]).

RICS data analysis: After substraction of an immobile fraction according to Rossow
et al. [146], the images were correlated by homemade software written in Matlab
Ismaning, Germany). The data were fitted with a model that took into
account lateral diffusion, Gp(§,v), (equation , a kinetic term representing changes
in the fluorescence brightness, Gx(§,), (equation , and the scanning motion of
the observation volume, S(&,v), (equation [3.58). Thus, the model function was

1
N >
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Figure 5.17.: Inverse of the focal area as a function of the [STED|power determined by
STEDJRICS| in a lipid bilayer of D = (2.9 4 0.4) ym? /s (dots) modeled

by a linear fit (red line).
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In contrast to [STEDHFCS| it was not necessary to include a triplet term in
[RICS] analysis, since the characteristic time for triplet state population, 7p ~ 5 ps, was
not covered by the temporal resolution of the measurement due to pixel dwell times of
Tp > 8.

5.2.5. STED-RICS Applications

In a perfectly homogeneous environment such as an ideal lipid bilayer, the multiplexing

capability of (STED})RICS|is not of any particular advantage. However, when study-
ing living cells and tissues, which display a pronounced heterogeneity, the situation is

completely different. For static ) the observation volume has to be placed
precisely into the region of interest. If this region is small, cell movement can easily
lead to misplacement of the observation volume. This problem might even remain unde-
tected, since there is no image information available during the measurement and,
thus, meaningless data may be recorded. Furthermore, many processes in cell biology
are limited to a certain time frame. Static data at multiple areas can only be
acquired in a serial manner and, consequently, the temporal resolution required for the
observation might not be sufficient. In contrast, multiple regions of interest can be se-
lected from a single RICS| measurement. Furthermore, an overview of the sample status
is always available from the individual image frames acquired during the measurement.
Therefore, cell movement can be tracked and questionable regions excluded from the
analysis. Additionally, fluorescence from static emitters can be removed by subtracting
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an immobile fraction in [RICS| analysis. To demonstrate how the application of
can considerably improve the data quality of [RICS| we measured translational diffusion
in different live cell samples.

Plasma Membrane of XTC Cells

In a first experiment, we labeled the lipid membrane of cells using Atto647N-
(Fig. [5.18a). Membrane dynamics was analyzed using as well
as conventional within a total area of 18 x 20pm? by scanning seven regions
of 256 x 2048 pixels at 24°C. A cut-out of such a region is shown on the right-hand
side of Fig. [5.18a in [STED| (left) and confocal (right) mode. Here, it can be seen
that structures in the [STED] image are visible in much more detail. As an example,
correlation data were analyzed within a region of 640 x 640 nm? marked by a white box.
The corresponding results are shown in Fig. [5.18d for [STEDHRICS| and standard
respectively. The analysis of the STEDHRICS| data resulted in a diffusion coefficient of
(1.7 £ 0.5) pm? /s for in the plasma membrane of cells, similar to the value
of the lipid bilayer as described in subsection at the same temperature (Fig. .
The image correlation obtained by confocal [RICS| was difficult to evaluate because of a
low amplitude resulting from the high marker concentration and a low signal-to-noise
ration due to the small size of the region of interest with respect to the optical resolution.

Focal Adhesions of XTC Cells

In another experiment, the translation dynamics within focal adhesions of cells
was studied by imaging S1-integrin marked with the monoclonal antibody 8C8 labeled
with Atto647N (Fig. [5.18b). After cell adhesion, data were recorded in areas
of 4 x 16um? (256 x 1024 pixels) at 24°C. A cut-out of a (left) and a confocal
(right) measurement is shown on the right-hand side of Fig. [5.18b. While super-
resolution pulse-chase experiments could already resolve the assembly and disassembly
of single focal adhesions in detail by looking at paxillin [86], analysis inside
individual, established focal contacts of sub-micron size revealed slow dynamics for 51-
integrin with D = (0.10 £ 0.06) pum?/s at 24°C, as indicated by a strong line-to-line
correlation (Fig. , left). In contrast, the correlation of confocal data was of

too poor quality to be further evaluated.

IgE Receptor at the Plasma Membrane of Mast Cells

Another important application of (STED})RICS|is the study of receptor-ligand interac-
tions at the cell membrane. Therefore, we added monoclonal anti-DNP IgE-Atto647N to

live RBL-2H3 mast cells binding to the IgE receptor FceRI located at the plasma mem-
brane. It can be seen that the bound complex was not homogeneously distributed over
the cell membrane, but concentrated in patches of high local concentration (Fig. )
Again, a significant correlation amplitude was obtained only by application of [STED]
(Fig. [6.18f). [STED|RICS| data analysis of such sub-micron sized areas revealed a dif-
fusion coefficient of (0.6 = 0.3) pm?/s at 37°C. Due to the high label concentration and
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Figure 5.18.: in living cells. (a-c) Fluorescence images of DPPE|in [XTC]
cells, 8C8 in cells and IgE in RBL-2H3 mast cells, all labeled with
Atto647N (red channel). For samples (a,c), the cell nucleus was stained
by Hoechst 33258. Blue fluorescence of Hoechst was excited at 780 nm by
means of a two-photon process. On the right hand side of each image, the
region marked by the white box is expanded and shown as (left)
and confocal (right) images. (d-f) Results of raster image correlation
within the corresponding regions marked by the white frames for the
(left) and confocal (right) images. Scale bars, 10pum (panels a-c,
left) and 2 pm (panels a-c, right).
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Figure 5.19.: Overview of the diffusion coefficients obtained by [STEDHRICS| for differ-

ent samples and temperatures. The individual measurements are repre-
sented as narrow colums, the average is marked by dotted lines.

sub-micron sized regions of interest, the image correlations resulting from the confocal
data sets showed poor signal-to-noise and were thus not suitable for further analysis by

fitting of a model equation.

analysis were acquired with different pixel sizes, dwell times and

intensities, adapted to the different dynamics of the samples under study (Tab. [5.1)).

Data for

For example, for the fast diffusion of [DPPE] in [KTC| cells, a pixel size of 10nm and a

dwell time of 10 ps were used. In the case of the much slower dynamics of 8C8 antibodies

binding to S1-integrin on [XTC| cells, the pixel size was increased to 16 nm and the dwell

time was reduced to 20 ps.

Table 5.1.: Overview of the imaging parameters used in the | STEDHRICS| measurements

for different samples.

ISTED (mW) T (OC)

O (nm)

(ns
)

Tp

Sample

24
24
24

24/37

188
203

Bilayer DPPE
XTC DPPE
XTC 8C8

10
16
16

10
20

100
203

10

RBL-2H3 IgE

Extensive Mapping of Large Regions of Interest

In [RICS] line-to-line correlation analysis becomes impossible if the dynamic process un-

der study is so fast that the correlation has decayed from one line to the next. Therefore,

to maintain a short line-to-line delay time, the maximum number of pixels in a single
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line is limited. However, the maximum number of lines in a single frame is not limited
as long as the dynamics does not change within the total acquisition time. As a con-
sequence, it is advantageous to image narrow strips instead of quadratic regions. Data
acquisition can be extended in the horizontal direction by dividing a large region of in-
terest into several image strips that are sequentially acquired. In Fig. diffusion of
Atto647N{DPPE]in the membrane of an [XTC] cell was extensively mapped by recording
seven regions of 256 x 2048 pixels each (10nm pixel size) in and confocal mode,
resulting in a total observation area of 18 x 20 um?. Exemplary subregions were analyzed
by image correlation shown on the left and the right of the images. Again, the difference
in signal-to-noise between correlation of the and confocal data was clearly visible.

Materials and Methods

Protein labeling: Proteins were labeled as described in subsection [5.1.3

Cell preparation: Cells were prepared as described in subsection The nucleus
was stained by incubating the cells with Hoechst 33258 (Sigma-Aldrichl) for 30 min.

STED setup: The microscope described in subsection was used, cells were
imaged according to subsection

RICS data analysis: [RICS| data were analyzed as described in subsection [5.2.4]

5.2.6. Summary and Discussion STED-RICS

One of the main advantages of super-resolution microscopy by [STED]is its imaging speed.
Recently, video-rate [STED] has been demonstrated for micron-sized regions of interest,
mapping the vesicle mobility within the highly confined space of synaptic boutons [127].
In this work, similar pixel dwell times (< 10 ps) were used to apply [STED|to[RICS| [RICS|
is an elegant and powerful tool for studying dynamics in living cells and tissues. By ap-
plication of[STED] microscopy, the versatility of[RICS|can be significantly increased. Due
to the improvement in spatial resolution, cellular dynamics can be quantified within tiny
moieties. Also, as for the applicable concentration range can be extended,
more suitable for the concentrations usually encountered in biological specimens. Thus,
we were able to quantify membrane, focal adhesion and receptor dynamics in sub-micron
sized regions at high signal-to-noise in living cells. This super-resolution technique will
be of great help for uncovering cellular dynamics in much greater detail, especially in
combination with recently developed labeling techniques such as SNAP-tag [147] and
CLIP-tag systems |148| that allow for an intracellular application of compatible
dyes in living cells.

The limitation of [RICS|in comparison to static [FCS|is the rather confined timescale
available for the observation of dynamics. On the one hand, the lower limit is determined
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Figure 5.20.: The diffusion of Atto647N in the membrane of an cell was
extensively mapped by recording multiple regions in (a) and (b)
confocal mode. An overview of the entire cell is shown in the centers of
the middle panels as insets. [RICS| correlation functions are shown on the
left and on the right hand sides of the images for subregions indicated by
white rectangles in the middle panels. Scale bars, 20 pm (central insets)
and 1pm.
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by the minimum pixel dwell time, which is typically in the range of a few microseconds
in a confocal laser scanning setup. Consequently, faster processes on the nanosecond
timescale such as rotational dynamics and antibunching effects [149] cannot be probed
by [RICS] On the other hand, the scanning motion superimposed on particle translation
causes an additional exponential decay of the autocorrelation function. Thus, a correla-
tion due to particle dynamics on timescales much slower than the pixel and line dwell
times is strongly suppressed. The limited timescale impedes the application of more
advanced fitting models such as multi-component systems or anomalous diffusion. For
example, STEDFCS] data of Atto647N{DPPE] in the plasma membrane of [XTC] cells
prepared according to the same protocol as used in this work could not be fitted well
with a simple, single-component diffusion model [150]. Instead, the data were better
represented if a two-component model was assumed, which resulted in a diffusion coef-
ficient of D = 0.8um? /s for the fast component. The lowest value for such a sample
found by with the data analyzed by a single-component diffusion model was
D = 1.2um?/s. However, with the sample was probed at a single, specific
region. For better statistics, the specimen needs to be probed at many different spots.
Yet, this is difficult with static [FCS| due to the lack of multiplexing. Furthermore, in
[STED}RICS] analysis, an immobile fraction was identified and removed from the data
which was not possible for STEDHFCS| Such a static or very slowly moving subpopula-
tion could shift the resulting diffusion coefficient towards lower values. This potential
influence on the data is supported by measurements in a lipid bilayer. Here, static [FCS|
data were only well represented with an anomalous diffusion model. A fit with such a
model resulted in a time-dependent diffusion coefficient of D = 1.5 pm?/s® with a = 0.7
indicating hindered diffusion [150|. For such a sample, higher diffusion coefficients were
measured by i.e., D = (2.940.4) pm? /s, the reference value used for
data evaluation. Like [RICS| [FRAP]also distinguishes between a mobile and an immobile
fraction in the analysis, and the fluorescence recovery was well represented with a stan-
dard, single-component diffusion model (Fig. in subsection . Furthermore,
for a bilayer composed of the same lipids but labeled with rhodamine-DHPE (struc-
turally identical to instead of Att0647N a similar diffusion coefficient of
D = (3.5+0.3) pm? /s was reported by Ries et al. [145], from line-scanning two-foci [FCS]

Still, for many specimens, normal single-component diffusion might not suffice as a
model. The correlation range of a[RICS measurement could be extended towards longer
lag times by a second measurement with different imaging parameters. Thus, several
measurements with scan parameters optimized for different timescales followed by a
global fitting procedure could accommodate for more sophisticated models to study a
system including a wider range of dynamics.
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6. Rapid Actions of the Gluococorticoid
Receptor in Mast Cells Studied by
TIRFM

6.1. Allergic Reactions Due to Signaling in Mast Cells

6.1.1. Introduction to the Immune System

The immune system of the human body involves complex interactions of cells, tissues and
organs taking place on several spatial scales. Usually, the immune system is triggered
by small molecules, i.e., on the nanoscale. Intracellular signaling is followed by cells
interacting with other cells and tissues on the microscale resulting in systemic changes,
i.e., changes on the macroscale of the entire body. The purpose of the immune system
is to keep potentially harmful invaders from attacking and permanently damaging the
structure and function of our body. Among these attackers are tiny organisms such
as bacteria, parasites and fungi as well as viruses, a more primitive construct lacking
its own metabolism. However, the human body also houses foreign organisms that are
essential for the function of our metabolism, including food digestion in the bowel by
E. coli bacteria. Therefore, the first step of an immune response is friend or foe recog-
nition. The body’s own cells, or friendly cells, carry specific molecules on their plasma
membrane identifying them as ’self’. Cells or organisms not carrying these markers or
decorated with different molecules are recognized as ’foreign’; and the immune system
quickly launches an attack on them. Any particle provoking such an immune response
is called an antigen.

The organs of the immune system are called lymphoid organs; they are distributed
all over the body. They include thymus, spleen, several lymph nodes/vessels and are
home to white blood cells called lymphocytes. The stem cells in the bone marrow are
the sources of lymphocytes just as for all other blood cells. Among lymphocytes are T
cells, maturing in the thymus before migrating to other tissues, B cells and plasma cells,
which are activated B cells producing antibodies. Lymphocytes can move within the
entire body patrolling for foreign antigens using either the blood vessel system or the
system of lymphatic vessels. The surface of T cells is decorated with specialized recep-
tors that recognize fragments of antigens on the membrane of other infected or cancerous
cells. Helper T cells communicate with other immune cells; they stimulate the produc-
tion of antibodies in B cells, attract phagocytes to digest microbes and activate different
T cells. Killer T cells contain potent chemicals to attack cells carrying foreign molecules
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on their surfaces. B cells produce and secrete antibodies into the bloodstream that bind
foreign antigens. Each B cell produces one specific type of antibody. Only upon recog-
nition of the matching antigen, the B cell is activated, giving rise to the production of
other B cells producing the same antibody, then referred to as a plasma cell. Whereas
phagocytes are large cells that can ingest entire microbes, granulocytes destroy foreign
microorganisms by the release of granules filled with potent chemicals. In the same way,
mast cells attack harmful cells or microbes nearby. Yet, mast cells are not blood cells
but located in tissues and organs such as lung, skin, tongue, and nose.

Normally, the immune system will only attack foreign and potentially harmful in-
truders. However, in rare cases, the immune system misinterprets own antigens and
launches an attack against the body’s own cells and tissues. Such a behavior is called
an autoimmune disease. Also, the immune system can respond to harmless foreign sub-
stances such as pollen from certain plants. Such substances are named allergens, and
the inappropriate response of the immune system is called allergy. While the vigorous
immune response eliminating all kinds of threats ensures survival, misguided reaction
can result in severe illness and even death. Therefore, understanding signaling events
triggering an immune response is of great importance in biology and medicine. Based on
this knowledge, the effectiveness of the immune system against particles and microbes
causing diseases can be enhanced, whereas misguided attacks can be eased or inhibited.

6.1.2. Allergic Reaction

Allergic reactions are a response of the immune system to harmless material. Common
allergens include pollen, mold, substances contained in certain foods, or house dust
mites. These allergies are related to the immunoglobulin E (IgE)rantibody. Normally,
[gE] is involved in the battle against parasitic infections. All antibodies are specific,
e.g., a particular [[gE] antibody might recognize rapeseed pollen, another one might act
against common dandelion. Upon first contact of the allergy-prone person with, e.g.,
dandelion, the pollen is inhaled and arrives at the mucous membrane and the lung. Thus,
the allergens contained in the pollen get into the bloodstream. In the blood vessels, an
allergen is recognized by a B cell (Fig. ) As a consequence, the B cell is activated,
and large amounts of anti-dandelion [[gE] antibodies are produced in plasma cells. These
antibodies attach themselves onto mast cells, ready to attack (Fig. ) The next
time the person inhales dandelion pollen followed by the uptake of the dandelion antigen
into the bloodstream, the particles are recognized by the mast cells carrying the anti-
dandelion [[gF] antibodies. Upon contact, the mast cell seeks to destroy the intruder by
releasing its chemicals (Fig. ) This release of chemicals results in an irritation of
the surrounding cells and tissues and elicits systemic responses on the macroscale such
as sneezing, watery eyes and itching. In severe cases, the reactions can also include
swelling of the throat causing shortness of breath or even sudden cardiac arrest.
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Figure 6.1.: Simple scheme of an allergic reaction as explained in the text. Adopted

from reference [151].

6.1.3. IgE-receptor-mediated Signaling in Mast Cells

As mast cells often contribute to the symptoms of allergy, they are the model system
in the following study. Mast cells carry the [[gE] receptor FceRI. The natural job of
[[¢E]is to protect against parasitic infections; yet, it is frequently responsible for allergic
symptoms. After particle uptake due to, e.g., inhalation, the allergens act as multivalent
ligands cross-linking several [[gE}FceRI located in the plasma membrane of mast cells
(Fig. |6.2)). Clustering of receptors results in a transmembrane signal. In this sig-
naling cascade, tyrosine kinase Lyn first phosphorylates the immune tyrosine activation
motifs of the FceRI-S and -y subunits. Subsequently, tyrosine kinase Syk is recruited to
phosphorylated FceRI-y and activated by Lyn. Other downstream signaling molecules
are then activated by phosphorylation of Syk. On the one hand, [linker for activation|
lof T cells (LAT)|is recruited to FceRI. On the other hand, phospholipase Cvy (PLC~)
causes hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP3). The products of hy-
drolysis, diacylglycerol and |inﬁitol 1,4,5-triphosphate (IP3)| induce a release of Ca?*
from [endoplasmic reticulum (ER)| stores and activate [protein kinase C (PKC)} Finally,
these actions lead to degranulation of the mast cell, i.e., exocytosis of histamine.

6.1.4. The Glucocorticoid Receptor Complex

To relieve allergic symptoms, the release of chemicals by mast cells and, thus, the allergic
reaction, is supressed by administration of glucocorticoids (GCs)|to the patient suffering
from allergy. On the cellular level, the [glucocorticoid receptor (GR)| complex located in
the cytoplasm and the plasma membrane of mast cells is responsible for enabling and
disabling certain downstream pathways. In the cytoplasm of a mast cell, the[GR]is bound
to the [heat shock protein 90 (HSP90)|and is thus not active (Fig.[6.3f). A fluorescence
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Figure 6.2.: Scheme of FceRI mediated signaling in mast cells as explained in the
text. Adopted from Torres et al. [152].
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Figure 6.3.: (a) Genomic actions of the as explained in the text. |GR fluores-
cence in mast cells (b) before and (c) after treatment with
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image of a mast cell expressing the fusion protein is shown in Fig. [6.3p. It
can be seen that there is a fluorescence signal from the cytoplasm but not from the

nucleus. However, administration of such as |[dexamethasone (DEX)| cause a release
of from the [GR] As a consequence, the [GR] can translocate into the nucleus
of the cell causing transactivation and transrepression of certain genes (Fig. )
Acting as a transcription factor, the [GR] binds to the [glucocorticold response element]
[153-155]. Thus, thefunctions as an inducible enhancer element resulting in
elevated gene expression [156-158]. In other experiments it has been demonstrated that
downregulates the expression of secreted proteases such as collagenase [159-161].
As an example, [GC| hormone inhibits transcription of collagenase by interaction of the
with AP-1, the most important enhancer of the collagenase promoter [162}/163].
Furthermore, uptake of the [GR] by the nucleus triggered by causes inhibition of
NF-£B activity [164]. NF-xB increases the expression of cytokine and chemokine genes
in acute inflammation. These are the genomic actions of the [GR] However, there are
several hints for non-genomic actions of the [GR] Rapid actions occur within seconds
to minutes following [GC| administration. Those effects of [GC| vanish rapidly as well.
Rapid actions do not involve protein synthesis and may be mediated by the classical
cytoplasmic receptor responsible for the genomic actions, but it could also be an effect
caused by proteins in the plasma cell membrane including the [165]. Therefore, the
aim of this study was to further elucidate the rapid, non-genomic actions of the [GR]
using the mast cell as a model.

6.1.5. Non-genomic Actions of the GR Studied by Spatial Regulation

An allergic reaction is triggered by antigens binding to (see subsection . Be-
cause the allergens are multivalent ligands, the [[gE}FceRI receptor complexes located in
the plasma membrane of mast cells are cross-linked. Such clustering drives association
with lipid rafts, activating all other downstream events. Yet, the role of the [GR]in this
signaling cascade is not known. However, involvement of the [GR]in [gE}FceRI mediated
signaling could explain the rapid actions of To study the effects of the [GR] at the
plasma membrane, the DNA sequence encoding the [GR] was fused to the [GFP] sequence
and stably expressed in [rat basophil leukemia (RBL)| mast cells, the model system of
this study (Fig. [6.4h). Unfortunately, standard time-resolved fluorescence imaging of
the [GRHGEP| at the plasma membrane is not feasible. Direct observation of a spatial
redistribution of the [GRHGFD)|in the cell membrane is limited by the heterogeneity of
the cells and, more importantly, the stimuli.

However, advances in micro- and nanofabrication for surface patterning allow for struc-
turally defined ligands. Such structures are used to stimulate cells in a defined, spatially
well controlled manner. Consequently, the cellular response can be precisely related to
the stimuli and quantified. For this study, a structured lipid bilayer containing the al-
lergen to initiate IgE-FceRI-mediated signaling was written on a coverslip by
manolithography (DPN)| In[DPN] the tip of an [AFM]is used as a pen that can be moved
on a substrate with nanometer precision [166]. A solution of lipids can be used as ink.
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Figure 6.4.: (a) Model system to study the non-genomic actions of the (b) Fluo-
rescence image of a DNP pattern. (c) Objective-type [TIRF| microscopy.

Here, the ink was a mixture of[DOPC]|loaded with the multivalent ligand
and the fluorophore rhodamine to visualize the pattern. Dots of ~ 1 pm diameter

were placed at a distance of 5um on a glass slide. A fluorescence image of such a pat-
tern is shown in Fig. [6.4b. By imaging such patterns, clustering of fluorescently labeled
[gElFceRI receptors on the surface of the plasma membrane have been visualized after
settling of mast cells on the substrate . In that experiment, the fluorescence of la-
beled [[gE] at the plasma membrane has been detected using standard confocal microscopy
because there was no labeled [[gE| within the cells that would have caused background.
However, cytoplasmic [GRHGFP|involved in the genomic actions adds a high fluorescence
background, which obfuscates any signal from the membrane. Therefore, standard epi-
fluorescence microscopy, in which the entire sample is illuminated in the axial direction,
cannot be used. Confocal microscopy provides axial sectioning, yet, the thickness of
each section is limited by diffraction to > 500 nm, which is still too much to distinguish
membrane fluorescence from cytoplasmic background. [TIRFM] however, excites only
molecules within a ~ 100-nm deep sheet illuminated by the evanescent wave. Therefore,
we chose this technique to study the [GRIGFP] at the plasma membrane of mast cells

(Fig. [6.4c).
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6.2. Rapid Actions of the GR Visualized by TIRF Microscopy

6.2.1. Rapid Actions of the IgE Receptor

mast cells were used as a model system to study the non-genomic actions of the
[GR] These cells were loaded with anti{DNP|[[gE] attaching to FceRI receptors located
at the plasma membrane. A fluorescently labeled, patterned lipid bilayer containing the
allergen [DNP| was used to stimulate the cells. After settling of the cells on the surface,
could bind and cross-link the IgE-FceRI complexes, triggering the signaling cascade
as described in subsection The spatial regulation of this process due to the struc-
ture of the pattern allowed for a direct visualization of proteins involved in [gE}FceRI
clustering over time. As a first experiment, anti{DNP|[[gE] was fluorescently labeled with
Alexa488 to show cross-linking via [DNP] The results are presented in Fig. After
transferring the cell solution to the glass surface, images were acquired in two
color channels monitoring the fluorescence of the patterned surface (Fig. —
d) as well as the fluorescence of Alexa488{IgE| (Fig. [6.5f-h) at time intervals of 15s.
First signs of [gEFFceRI clustering were observed 2 min after the beginning of the exper-
iment (Fig. [6.5f). After 6 min, a pattern had emerged in the green channel that clearly
matched the structure of the DNP}patterned surface, which is in good agreement with
results from similar experiments [168]. This accumulation of fluorescence at the dots of
the patterned lipid bilayer is strong evidence of cross-linking of [gE}FceRI receptors by
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Figure 6.5.: Clustering of IgE-FceRI. (a-d) [TIRFM|images of rhodamine fluorescence

from the patterned glass surface. (e-h) TIRFM]|images of anti
Alexa488{IgF] in mast cells. Scale bar, 5jm.
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Materials and Methods

Cell preparation: For studying [gE}FceRI-mediated signaling, RBL}2H3 mast cells,
cultured in supplemented with 15% [fetal bovine serum (FBS)|at 37°C, 5% COq
and 95% humidity, were incubated with Alexa488{IgE] (15pM) for 90min. The cells
were then harvested, washed twice with calcium free (137mM NaCl, 2.7mM KCl,
6.4 mM NagHPOy, 1.5 mM KHyPO,) and resuspended in Tyrode’s buffer (137 mM NaCl,
2.7mM KCl, 1 mM MgCly, 1.8 mM CaCly, 0.2 mM NagHPO4, 12mM NaHCOj3, 5.5 mM
D-glucose) with 0.1% The cell suspension was transferred to a patterned
glass surface. Mast cells were prepared by Emmanuel Oppong.

TIRF microscopy: For the setup described in subsection [4.2.2] was used.
Green fluorescence of Alexad88 was excited by 473-nm light at a power density of
10 W/cm?, reflected off a 555LP dichroic mirror, filtered by a 525/50 nm bandpass filter
and detected on one half of the[EMCCD] camera chip. Red fluorescence of rhodamine was
excited by 561-nm light at a power density of 0 —5W /cm? and filtered by a 610/75nm
bandpass filter after having passed through the 555LP dichroic mirror before detected on
the other half of the EMCCD] camera chip. During the experiment, the sample chamber
as well as the objective lens were heated to 37°C by the incubation system.

DNP pattern: [DOPC|lipids (Avanti Polar Lipids) were mixed with 5% (Sigma-|
Aldrich)) and rendered fluorescent by addition of rhodamine B (18:1 Liss Rhod PE,

Avanti Polar Lipids). With the tip of an [AFM] dots of 1pm diameter were placed
at 5pm spacing onto coverslips (No. 1, [Menzel)). [DNP}patterned glass surfaces were
prepared by Sylwia Sekula-Neuner using [DPN]

6.2.2. Rapid Actions of the GR-GFP

The ability of our model system to study rapid actions at the plasma membrane of mast
cells has been demonstrated in the previous subsection on the basis of fluorescently
labeled [[gE] Yet, this study was focused on the role of [GR]at the plasma membrane dur-
ing activation of [[gE}FceRI-mediated signaling. Therefore, mast cells stably expressing
[GRHGEDP)] were loaded with antifDNP|[[gE] and transferred onto patterned lipid bilay-
ers containing the allergen Subsequently, images were acquired at time
intervals of 15s (Fig. . After 5min, first signs of recruitment were ob-
served (Fig. [6.6]f). As for Alexa488 IgE] fluorescence accumulated at the dots

of the DNP}patterned surface, resulting in a colocalization with the pattern approxi-
mately 15 min after the cells were transferred onto the glass surface (Fig. [6.6]n). At the
same time, kinase Lyn gathers at such patterned regions as previously shown by Wu et

al. [168]. This is strong evidence that the is directly involved in FceRI-mediated
signaling.

Extensive screening of the sample after 15min showed that colocalization of [GR}
with the patterned surface was different for each cell (Fig. |6.7). While for
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Figure 6.6.: [TIRFM| images of the recruitment of |GR to the plasma membrane.
(a-d) Rhodamine fluorescence from the patterned surface, (e-h) Im-

ages of [GR{GEFP] in mast cells. Scale bar, 5jm.
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Figure 6.7.: Accumulation of at the patterned surface. (a-c)

images of rhodamine fluorescence from the patterned surface. (d-f)

TIRFM]| images of |GR] fluorescence in mast cells. (g-i) Brightfield

images. Scale bar, 5pm.
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some cells, almost all fluorescence signal originated from the positions of the is-
lands (Fig. ), other cells such as the one presented in Fig. exhibited only partial
colocalization (Fig. ) There were even cells that displayed no spots of accumulated
fluorescence at all (Fig. ) This heterogeneous response is an interesting result and
demands further studies. Therefore, the redistribution dynamics of was probed
by means of [FRAP| experiments.

To exclude any effects related to the presence of the fusion partner [GFP| mast cells
stably expressing were subjected to the same procedure as the cells expressing [GR}
As a consequence of adhesion to the glass surface, an increase of fluorescence
was observed by m microscopy (Fig. - Yet, no accumulation of fluorescence at
the [DNP)| pattern or any other clustering was observed.
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Figure 6.8.: Images of mast cells expressing (a-d) [TIRFM|images of rhodamine
fluorescence from the patterned glass surface. (e-h) [TIRFM]|images
of in mast cells. Scale bar, 5 pm.

Materials and Methods

Cell preparation: For studying rapid actions of the[GR]at the plasma membrane,
2H3 mast cells stably expressing were cultured, incubated with anti{DNP|[gE]
(15nM), harvested and transferred to a patterned glass surface as described in
subsection Mast cells were prepared by Emmanuel Oppong.

TIRF microscopy: [[IRFM| images were acquired with the same excitation wave-

lengths, intensities and fluorescence filters as described in subsection [6.2.1] The temper-
ature of the sample chamber and the objective lens were maintained at 37°C.
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6.2.3. Redistribution Dynamics of the GR Studied by FRAP

In a[FRAP)| experiment, the mobility of a fluorescently labeled species can be measured.
In this subsection, two questions are adressed by First, is there any difference
in the kinetics of the [GR] at the dots of the DNP}patterned surface compared to other
locations within the plasma membrane, indicating linkage to FceRI receptors? Second,
if not at a dot, does diffuse freely in the membrane or is it bound to other
proteins? To answer these questions, the fluorescence recovery was measured within the
membrane of expressing mast cells and, as a reference, within the membrane of
mast cells expressing only Representative recovery curves are shown in Fig.
In the case of a recovery time of ~ 5s was obtained for non{DNP] areas by
fitting a single exponential to the data (Fig. ) For expressing cells, however,
the recovery due to free diffusion was so fast that it exceeded the temporal resolution
of the image acquisition process (50ms per frame) (Fig. [6.9k). Such a big difference
cannot be explained by the discrepancy in molecular mass of (~ 30kDa) and
(~ 120kDa), which would result in a factor of only 1.6 for the respective diffusion
coefficients. As a consequence, must be bound to other proteins restricting its
mobility. In order to obtain further insight, fluorescence recovery was also probed at
the membrane of expressing mast cells activated by a [DNP}patterned surface.
Fluorescence recovery at spots of accumulated fluorescence coinciding with
dots of the [DNP)| pattern were compared to the results from non-colocalizing areas.
The recovery times at non-coinciding areas did not differ from the kinetics obtained
for cells not activated by (Fig. [6.9R). However, the dynamics was significantly
slower at spots of accumulated fluorescence coinciding with the pattern
(Fig. [6.9b). These results stongly suggest that binds to intracellular domains
of FceRI. @-FCGRI is a large, membrane-bound receptor complex (~ 300kDa including
only [169,|170]) associated with multiple other proteins, which explains why the
dynamics was much slower than expected from free diffusion of the Furthermore,
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Figure 6.9.: experiments at the plasma membrane of mast cells. Fluorescence
recovery of at areas that (a) did not and (b) did coincide with
the pattern. (c) Fluorescence recovery of The fluorescence
recovery (squares) was fitted with a single exponential (red line).
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FceRI is trapped at the dots of the DNP}patterned surface due to cross-linking via[DNP]
explaining the further reduced mobility of [GRHGFP)] at those spots.

6.2.4. Quantification of the Redistribution Dynamics of the GR

Free diffusion of unbound [GRHGFDP)] should be similar to diffusion of [GFP} yet the dy-
namics of both proteins were different in our measurements. Thus, for [GRIGFP] the
fluorescence recovery measured was determined by binding to other proteins. Conse-
quently, diffusion was neglected in data analysis. A simple, single exponential
binding model (equation without diffusion term) was used to fit the data.
The resulting lifetimes of the bound state, g, of at areas of the plasma mem-
brane not coinciding with the pattern were combined in a histogram (Fig. [6.10pb).
The recovery times measured in different cells were very consistent and their distribu-
tion was fitted with a Gaussian, resulting in an average lifetime of the bound state of
R = (5.4 +£2.0)s. Yet, the kinetics of the recovery of fluorescence at areas of
the plasma membrane coinciding with the pattern was heterogeneously distributed
(Fig.[6.10[d). This result coincides with the unequally distributed colocalization of [GR}
[GFP] with the [DNP)| pattern as presented in subsection [6.2.2] Not only did the recovery
times vary from cell to cell but also within the same cell. Even the peak at non{DNP]
areas was present within the broadened distribution, indicating that, in a subpopulation
of cells, the [GR] was not recruited to [DNP] areas at all. In this experiment, the applica-
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Figure 6.10.: Recovery times of fluorescence. (a,b) Exemplary images of
fluorescence recovery at areas that did not/did coincide with
the pattern. (c,d) Histogram of the fluorescence recovery times at
areas that did not/did coincide with the pattern.
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tion of the stimulant was well controlled by patterning. However, other parameters that
determine the response of a cell cannot be controlled at all. For example, each individual
cell may express different amounts of [[gE}FceRI receptors, kinase Lyn or any other pro-
teins involved in the signaling cascade. Even within the same cell, local concentrations
can vary. In the end, these factors strongly influence the local response of each cell.

Materials and Methods

FRAP experiments: [GFD| was bleached by focusing the excitation beam to a spot of
1pm diameter at the sample. This spot was irradiated with 473-nm light at a power
density of ~ 200kW /cm? for 1s. Pre-bleaching fluorescence and fluorescence recovery
were measured using the same imaging conditions as in subsection [6.2.1] The sample
and the objective lens temperature were maintained at 37°C.

FRAP data analysis: Fluorescence recovery of the bleached areas was divided by
the average fluorescence emanating from the rest of the cell to correct for bleaching.
The resulting fluorescence intensity trace was normalized to the average of the initial
fluorescence at the target area. Subsequently, the fluorescence intensity data, Fr(t),
were fitted with equation [3.23] neglecting the diffusion term,

t

Fg(t) = Fr(c0) — (Fr(o0) — Fr(0))e ™.

6.2.5. Influence of Hormone Administration on the Non-genomic Actions of
the GR

The final part of the puzzle is the influence of the [GC| hormone on the non-genomic
actions of the [GR] For the genomic actions, it is known that bind to induc-
ing translocation of to the nucleus. Therefore, we loaded mast cells expressing
[GRHGFDP] with antifDNP|[[gE] and transferred them to a [DNP}patterned glass surface
as in the previous experiments. After 15min to allow for accumulation of [GRHGFP)] at
the [DNP] dots, [DEX] was administered to the cells. However, no influence on the colo-
calization of with the pattern was observed (Fig. -f ). Similarly,
[FRAP)| experiments did not reveal any changes in the redistribution dynamics of [GR}
compared to the dynamics in cells not treated with hormone (Fig. ) There
was no indication of an effect of administration to [GRS that had been recruited to
cross-linked [gE}FceRI receptors. But what about triggering of the reaction in the first
place? In another experiment, mast cells expressing [GRHGFD| were treated with hor-
mone before transferring them to the patterned surface. Subsequently, images
were acquired at intervals of 15s for 15 min. The temporal evolution of the recruitment
of [GRHGFP| to the plasma membrane at the DNP|pattern was compared for cells treated
and not treated with hormone. The average intensity over time, obtained from different
cells at locations of [DNP] is shown in Fig. [6.12a. In cells treated with prior to
their transfer to the DNP}patterned surface, [GRHGFP] was recruited more rapidly to the
locations of DNP] This observation raised the question if there are any consequences in
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Figure 6.11.: Colocalization pattern after hormone administration. (a-c) im-
ages of rhodamine fluorescence from the DNP}patterned surface. (d-f)
[GRHGEP] fluorescence immediately, 5 min and 10 min after hormone ad-
ministration. (g) Fluorescence recovery times at spots of accumulated
fluorescence coinciding with the DNP}pattern after administra-
tion of hormone (DEX) and only the solvent ethanol (ETH).
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Figure 6.12.: Effects of hormone administration. (a) Average fluorescence
during mast cell activation by a [DNP}patterned surface measured at
the pattern with (DEX) and without (ETH) prior hormone adminis-
tration. (b,c) Mast cell lysates were subjected to immunoblot analysis
using phosphospecific Erk1/2 and Erkl/2 antibodies. Cells were either
sensitized with anti{DNP|[[gE] (panel b) or left unsensitized (panel ¢) and
then treated with medium containing dinitrophenyl{HSA| and [DEX] or
dinitrophenyl{HSA] and ethanol for 2 — 15 min. Immunoblot analysis was
performed by Emmanuel Oppong.
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downstream signaling due to [GC| administration initiated at the plasma membrane in
activated mast cells. To this end, [extracellular signal-regulated kinase (Erk)[l/2 phos-
phorylation was analyzed in immunoblotting experiments. A rapidly enhanced /2
phosphorylation was observed as a consequence of [GC| administration to activated mast
cells (Fig. 6.12b), whereas 1 /2 phosphorylation was entirely absent in unsensitized
cells (Fig. [6.12c).

Materials and Methods

Hormone administration: [DEX]| was dissolved in ethanol and 10ul of that solution
were added to 100pl of cell suspension, yielding a final [DEX] concentration of 100 nM
for both, the post- and preJDNP}activation experiments. Hormone was applied by Em-
manuel Oppong.

6.3. Summary and Outlook

6.3.1. Model for the Actions of the GR Including GC Administration

produced in the adrenal cortex are steroid hormones involved in a variety of physio-
logical processes including metabolic, cardiovascular and immunological action [171,172].
In medicine, synthetic analogues of such as prednisone and dexamethasone are used
as a treatment of inflammatory disorders and in immunosuppressive therapy. The effects
of are mediated by binding to the In the cytoplasm, other proteins such as
are bound to the forming a multi-protein complex [173]. Upon binding of
translocate into the nucleus where they cause transactivation of immunosup-
pressive genes |174] and transrepression of inflammatory genes |175]. Furthermore, it has
been shown that inflammatory transcription factors are modulated by direct interaction
with the significantly reducing target gene expression [176]. Because the genomic
actions of the involve protein synthesis and/or degradation, these effects occur hours
to days after [GC| administration. However, rapid, non-genomic effects of occurring
within minutes and mediated by receptors located in the plasma membrane have been
reported [177]. Among these, G-protein-coupled receptors have been found to convey
non-genomic effects of [178]. Furthermore, there is increasing evidence for non-
genomic actions of membrane-bound involved in transmembrane signaling within,
e.g., immune cells [179]. Still, the specific functional role of membrane-associated
has not yet been determined.

This study focused on unraveling the involvement of the [GR] in [gE}FceRI-mediated
signaling in mast cells. Mast cells sensitized with anti{DNP|[[gE] were activated by mi-
crofabricated [DNP}patterned glass surfaces in a spatially controlled manner. By stable
expression of a [GRHGFP] fusion protein and the application of [TIRF| microscopy, the
redistribution of membrane-associated was followed over time. We showed that the
[GR] accumulates in areas of the plasma membrane coinciding with the [DNP] pattern.
This accumulation occurred approximately 15 min after transfer of the cells to the DNP}
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patterned surface, and 10min after activation of the cells by cross-linking [gE}FceRI
receptors via [DNP] respectively. At a similar time, kinase Lyn has been reported to get
recruited to induced FCERI clusters [16§]. In addition, was applied to
probe the redistribution dynamics of [GRHGEP] These experiments revealed significantly
slower fluorescence recovery of [GRHGFDP] at the sites compared to the fluorescence
recovery of [GRHGFP)| within the rest of the membrane. Both, accumulation and slow

recovery of [GRHGFD)| fluorescence at the [DNP] pattern indicate binding of to FceRI
receptors.

Furthermore, a comparison of the recovery times of [GRHGFP] and [GFP] fluorescence
support the presence of membrane-bound in addition to the cytosolic form of the
[GR] And, unlike cytoplasmic membrane-bound were not observed to translo-
cate into the nucleus after hormone administration. Instead, hormone treatment of the
mast cells caused a more rapid recruitment of to sites of [[gE}FceRI receptors cross-

linked by

Finally, approximately 5min after hormone administration, the [GR] was observed to
cause phosphorylation of as a consequence of [gE}FceRI-mediated signaling. In
mast cells, controls the release of allergic mediators as well as the expression of
pro-inflammatory cytokine genes. In other experiments, it has been shown that
phosphorylation was inhibited 16 h after hormone administration implicated by the ge-
nomic actions of the [180]. In a nutshell, membrane-associated in activated
mast cells massively enhance phosphorylation within the first few minutes after [GC|
hormone treatment, whereas phosphorylation is downregulated at later times when
the slower, genomic actions of cytoplasmic spring into action (Fig. plot of
Erk activity).

Overview of the Rapid, Non-genomic Actions of the [GR|

e In mast cells, besides cytoplasmic there is a membrane-associated form of
the [GR] that binds to [[gE}FceRI receptors.

e Unlike cytoplasmic membrane-associated do not translocate into the
nucleus after treating the cells with [GC] hormone.

e [GC| hormone treatment of mast cells causes a more rapid accumulation of at
sites of [gE}FceRI receptors cross-linked by [DNP}

e The [GR] causes phosphorylation of as a consequence of [[gE}FceRI-mediated

signaling and [GC| hormone treatment.
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Figure 6.13.: Model for the actions of including rapid actions of the at the
plasma membrane of activated mast cells as explained in the text.

6.3.2. Future Plans Studying the GR

The data obtained in this study strongly support the existence of membrane-associated
In other studies it has been suggested that the membrane-bound [GR]is a modified
form of the [181). As yet, there is no evidence for the existence of two distinct
types of Therefore, the current view is that the function of the [GR]is determined
by the binding of accessory proteins such as However, it remains elusive if
there is an exchange between membrane-associated and cytosolic Future studies
including pulse-chase experiments by using photoconvertible fluorescent proteins may
provide further insight into a potential link between [GRs|of different function. This could
help to develop drugs that specifically target membrane-bound to only modify the
non-genomic actions. This strategy may help to reduce side effects caused by a treatment
with conventional
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7. Organization of Filament Assembly in
Live Cells Visualized by PALM

7.1. Organization of Perinuclear Actin in Live Tobacco Cells

7.1.1. The Role of Actin as Part of the Cytoskeleton

As part of the cytoskeleton, actin performs a great variety of different tasks within
cells. Importantly, actin is essential for intracellular transport of various cargoes such
as organelles including peroxisomes [182], mitochondria |183] or golgi vesicles [184]. In
plant cells, which is the system of interest for this study, actin is also indispensable for
chloroplast movement [185,/186]. Mostly myosins, a class of mechano-chemical enzymes,
are responsible for actin-based motility [187,/188]. In addition to these dynamic tasks,
the actin cytoskeleton is also responsible for supporting the integrity of the plasma
membrane [189] as well as anchoring organelles at appropriate intracellular positions
[190]. Furthermore, the vacuolar and transvacuolar cytoplasmic strands in plant cells are
structured bylactin filaments (AFs)|[191,192]. This means that depending on the context,
the structure of the actin cytoskeleton must be able to change from a network of heavily
bundled to fine cross-linked filamentous structures or wvice versa. During interphase,
static are required to maintain cell shape, whereas highly dynamic filaments are
needed in cortical regions of a cell to allow for a reaction to changing requirements
concerning vesicle transport or external stimulations such as pathogens [193]. Actin
is extremely conserved, 83-88% amino acid sequence identity is shared with actins of
plants, green algae, most protists, fungi, and animals. Within one of these kingdoms of
organisms, the amino acid sequence identity can even reach up to 95% [194]. Thus, the
diverse functionality of actin is not covered by different isoforms. Instead, the variety
of tasks is mastered by association with additional binding partners. For example, the
assembly, maintenance and disassembly of monomeric actin into |filamentous actin (F-|
lactin)]is regulated by a vast number offactin-binding proteins (ABPs)|[195]. This specific
decoration of [AF with different sets of [ABPg allows for the formation of numerous
subpopulations providing the functional diversity in order to perform different tasks as
mentioned above.

7.1.2. Localization of Lifeact-psRFP in BY-2 Cells

During the course of this study, two different fluorescent proteins, the tetrameric
iswitchable red fluorescent protein (psRFP)[[196] and the monomeric IrisFP (mlrisFP)
[86], were C-terminally fused to the actin-binding probe Lifeact [197]. These fusions
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proteins were then stably expressed in tobacco [Nicotiana tabacum L. cv. Bright Yel{
low 2 (BY-2)| cells, in order to follow the organization of the actin cytoskeleton. In
tobacco cells stably transfected with the fusion construct Lifeact{psRFP} fluores-
cence was observed exclusively from around the nucleus. No fluorescence emanated from
structures in the cell cortex or from the transvacuolar strands. Only a tight filamen-
tous, basket-like structure around the nucleus was labeled (Fig. [7.1ja,b). To reveal
other actin subpopulations beyond those of the nuclear basket that were not marked
via Lifeact{psRFP] expression, actin was also labeled with an Alexa488-phalloidin stain
(Fig. [7.1fe). For the nuclear basket, the images of green Alexa488-phalloidin and red
Lifeact{psRFP] clearly colocalized. However, in the cell cortex, only the green fluores-
cence of Alexad88-phalloidin was observed, whereas red fluorescence of Lifeact{psRFD]
was completely absent, suggesting that there is a clear structural difference between
these actin subpopulations.

In addition to the stably transformed Lifeact{psRFP]ox [BY-2|cell line, a biolistic, tran-
sient transformation was performed. Numerous cells expressed Lifeact{psRFP] 24 h after
transient transformation (Fig. ) Interestingly, the intracellular pattern showed
fully labeled actin similar to the Alexad488-phalloidin stain. Furthermore, a nearly iden-
tical, fully labeled actin pattern was observed for a Lifeact-mlrisFP fusion construct
in stably (Fig. [7.1ff) as well as transiently (Fig. [7.1]g) transformed cells. The
Lifeact-mlIrisFP construct contained the identical vector backbone and Lifeact sequence
as the Lifeact{psRFP| construct. During stable transfection, a small subpopulation of

Figure 7.1.: Visualization of actin filaments in ox cells. (a,b) Stable and (c)
transient expression of Lifeact (d) Overlay of red fluores-
cence with image. (e) Alexa488-phalloidin fluorescence. (f) Stable
and (g) transient expression of Lifeact-mlrisFP. Actin in cells was
imaged by Steffen Durst. Scale bars, 20 pm.
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Lifeact{psRFP] overexpressing cells displayed a fully decorated actin cytoskeleton com-
prising both central and cortical arrays (data not shown). However, these cells underwent
cell death, as indicated by an almost complete cessation of cytoplasmic streaming, mem-
brane detachment and deformation in cell shape. After this natural selection, only those

cells with the Lifeact{psRFP] fluorescence limited to the nuclear basket remained.

Materials and Methods

Cloning procedure: Plasmids for stable and transient transformation of

type (wt)|cells were constructed using the Gateway cloning technology . The
sequences encoding Lifeact{psRFP] and Lifeact-mIrisFP were amplified by
[chain reaction (PCR)| using oligonucleotide primers with Gateway-specific flanks. As
template, pcDNA3 vectors ([nvitrogen|) containing the sequences of Lifeact{psRFP| and
Lifeact-mlIrisFP were used. The sizes of the amplicons were verified by electrophoresis
and purified via NucleoSpin Extract IT (Macherey-Nagell Diiren, Germany) according to
the manufacturer’s instructions. The resulting gene regions were inserted into the binary
vector pHTWG2 [198] following the manufacturer’s protocol . To confirm the
accuracy of the sequences, both fusion constructs were verified by restriction digest and
sequencing Konstanz, Germany). Plasmids were constructed by Steffen Durst.

Biolistic, transient expression: For biolistic transformation, gold particles (1.5 —
3.0 pm, were coated with the constructs encoding Lifeact or
Lifeact-mlIrisFP according to the system manual (PDS-1000/He Particle Delivery Sys-
tem manual, Hercules, USA) with the following modifications: Gold particles
coated with 1 g plasmid-DNA and placed on macrocarriers were used for each
transformation. Non-transformed cells (750 puL), collected 2d after subcultiva-
tion, were placed on petrislides containing 2mL of solid medium. These
loaded slides were transferred to a particle gun, custom-made according to Finer et
al. [199], and bombarded by three shots with a pressure of 1.5bar in a vacuum chamber
of 0.2bar. Following bombardment, the cells were incubated for 4 — 24h in the dark
at 26°C and subsequently studied using fluorescence microscopy. cells were tran-
siently transformed by Steffen Durst.

Agrobacterium-mediated, stable expression: Non-transformed cells were
stably transformed with the binary vector constructs pH7WG2-Lifeact{psRFP| and pH7-
WG2-Lifeact-mlIrisFP according to a protocol of Buschmann et al. [200] with minor
modifications. Both constructs were transformed into Agrobacterium tumefaciens (strain
LBA 4404, via heat shock treatment (5min, 37°C). After three days of cul-
tivation on selective medium, a single colony was raised in a 3-mL over-night culture.
The preparation of the cells started with subcultivation of 3mL of a 7d old non-
transformed tobacco cell culture in 60 mL [Murashige & Skoog (MS)| media in a
sterile 200mL flask for three days at standard conditions. Thereafter, the cells were
washed twice with 200 mL sterile Paul’s medium (4.3g L-1 salts without vitamins
(Duchefa Biochemie, Haarlem, The Netherlands), 10 g L-1 sucrose, pH 5.8) and resus-
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pended in 10 mL of Paul’s medium leading to a five-fold increase in cell density. 1 mL
of this concentrated cell suspension was added to A. tumefaciens bacteria transformed
as described above and processed as follows. The foptical density at 600 nm (OD600)|
of the bacterial over-night culture was determined and 5mL of fresh [lysogeny brothl|
media (plus corresponding antibiotics) were inoculated with these bacteria to an
[OD60Q] of 0.15. After several hours of growth, 1 mL of the transformed A. tumefaciens
bacteria was harvested at anof 0.8 by centrifugation at 10,000 g (Heraeus Pico 17
Centrifuge, [Thermo Scientific)) for 1 min in a 1.5 mL reaction tube. The supernatant was
removed and the pellet resuspended in 30 pL. of Paul’s medium. After adding the concen-
trated cells to the resuspended bacteria, the reaction tube was agitated for 5min
at 100rpm for better mixing of the cells. In the next step, this mixture was dropped
in 100 pL aliquots on plates with Paul’s agar (Paul’s medium solidified with 0.5% (w/v)
Phytagel , without antibiotics). After 4d of incubation at 26°C in the
dark, the grown cell plaques were transferred and cultivated on new plates containing
agar and 100mg L-1 cefotaxime and 50 mg I-1 hygromycin driving selection pressure.
cells were stably transformed by Steffen Durst.

7.1.3. PALM with Optical Sectioning of Lifeact-psRFP in BY-2 Cells

In standard widefield epifluorescence and confocal images of stably transformed Lifeact-
[psRFP|ox[BY-2| cells, only perinuclear actin was labeled. However, from standard micro-
copy images, it was not entirely clear if the actin arrangement around the nucleus was still
composed of filamentous structures and how these were arranged. To study the organiza-
tion of perinuclear actin in detail, super-resolution images were acquired by using
the photoswitching mechanism of Lifeact{psRFP| Fig. shows an exemplary standard
widefield image compared to the [PALM]image of stably transformed Lifeact{psRFP| ox
cells focusing 2 um deep into the sample. Additionally, images at multiple layers

Figure 7.2.: Fluorescence images of Lifeact{psRFP| in ox cells. (a) Standard
epifluorescence image of the nuclear actin basket of two adjacent cells. (b)

image reconstructed from single molecule localization within 10,000
image frames. Fine actin filaments were exclusively wrapped around the
nucleus. Scale bars, 5 pm.
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were acquired to yield a 3D stack of the entire nuclear basket with high lateral resolution
((35+18) nm localization precision). Fig.[7.3|displays the full projection of the widefield
acquisition, the reconstructed image projection as well as the images of
the individual sections. As with conventional fluorescence microscopy, only actin around
the nucleus was visible via single-molecule localization of Lifeact{psRFP|fusion proteins.
Furthermore, the super-resolution data clearly showed a network of enclosing the
nucleus in a lamellar fashion. In another example, the gradient indicating the direction
of nuclear migration was visualized (Fig. . Throughout all sections of the 3D stack,
perinuclear actin labeled by Lifeact{psRFP| was oriented toward one particular side of
the nucleus. As indicated by the inset in Fig. [7.4f, the width of a single filament was
measured as 54 nm. Considering the intrinsic width of an actin filament of > 35 nm, this
confirms the excellent lateral resolution.

Figure 7.3.: PALM| analysis of Lifeact in ox cells. (a) Standard epiflu-

orescence image of a nuclear actin basket representing the sum of 27,000
single images from nine sections (3,000 frames each) acquired with 2pm
spacings. Scale bar, 5um. (b) image projection reconstructed from
the locations of the individual fluorophores; fine actin filaments were ex-
clusively observed around the nucleus. (c-k) images of each of the
nine sections, z-axis positions are indicated in the lower left. Scale bars,
3pum.
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Figure 7.4.: Nuclear migration in cells. (a) Standard epifluorescence image of
a nuclear actin basket. (b) Projection of the marker positions in 18,000
images from six sections (3,000 frames each) with a z-axis distance of 2 pm;
fine actin filaments are found only near the nucleus with a clear orientation
toward the direction of nuclear migration. (c-h) Individual sections; the
inset in panel (e) shows a cross section through an actin filament at the
location indicated by the arrows with a[FWHM|of 54 nm. Scale bars, 5 jim.

Materials and Methods

PALM with optical sectioning: For[PALM|of Lifeact{psRFP]in ox[BY-2|cells, 0.5 mL
of cell solution 4 d after subcultivation were transferred from their cultivation flasks into
chamber slides (Thermo Scientific) and imaged using the setup described in subsec-
tion After acquisition of 3,000 frames per layer, the objective lens was moved in
z-direction (2 pm steps) with the stepper motor of the objective drive. A total of 6 — 9
layers (18,000 — 27,000 frames) were imaged per stack. For the photoactivation
and excitation wavelength is the same (positive switcher). Red fluorescence of Lifeact-
was excited with 561-nm light at 50 — 200 W /cm?. Especially in the beginning
of the imaging procedure, the density of activated markers was sometimes too high.
Therefore, off-switching was induced using 473-nm light at < 10 W/cm?2. Fluorescence
light was filtered by a 610/75 nm bandpass (Chroma HQ610/75, and detected
with a camera exposure time of 30 — 50 ms. [PALM]| images were analyzed by fitting
a 2D Gaussian distribution to the single molecule signals detected, using a homemade

algorithm written in Matlab (MathWorks)) [79].
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7.1.4. Summary and Discussion
PALM with Optical Sectioning of Lifeact-psRFP in BY-2 Cells

In animal cells, the structure and function of the cytoskeleton was extensively stud-
ied by super-resolution microscopy over the last few years. Plant cells are difficult to
image even by means of conventional fluorescence microscopy. High background due
to autofluorescent compounds such as chlorophyll or secondary plant metabolites can
render fluorescence imaging impossible. Also, compared to flat, adhering animal cells,
the pronounced three-dimensional structure of plant cells enclosed by a rigid cell wall is
problematic. This aspect, for example, prohibits application of [TIRFM] since the range
of the evanescent wave is below the thickness of the cell wall. Consequently, [TIRFM]
is only feasible after enzymatic digestion of the cell wall |[189]. Still, by application of
an improved protocol for plant cell transformation, localization-based super-resolution
microscopy images using paFPs were acquired in living plant cells with intact cell walls
for the first time (Fig. . Furthermore, apart from imaging of a single plane
only, this work showed how several super-resolved planes can be acquired resulting in
a three-dimensional stack with a high lateral resolution (Fig. [7.3|[7.4). In
epi-illumination of the sample results in photoactivation followed by photobleaching of
fluorophores below and above the focal plane. Thus, PALM] imaging is often resricted
to a single layer. In other publications, only those fluorophores within the focal plane
were photoactivated by a two-photon process [201,[202]. Yet, despite the ingenuity of
this approach, the high spatio-temporal photon densities required for this procedure
complicate microscope design and application. Here, the excellent photostability of
(Fig. in combination with a more subtle mechanism of chromophore mat-
uration [196] and the relatively slow dynamics of perinuclear actin allowed for extensive
[PATLM)imaging at multiple z-positions. The live plant cell super-resolution[PALM]images
presented here resolved the lamellar arrangement of wrapped around the nucleus

for the Lifeact{psRFP] fusion.

Localization of Lifeact-psRFP in BY-2 Cells

For Lifeact-mIrisFP expressing cells, filamentous structures were labeled throughout
the entire cell. However, for the Lifeact{psRFD)| expressing cells, fluorescence was only
detected from a basket-like structure around the nucleus. Co-staining with Alexa488-
phalloidin revealed that the structures marked by both Lifeact fusions were still filamen-
tous actin. Yet, this control also showed that the regular arrangements of filamentous
actin were still present in Lifeact{psRFP)| expressing cells, but not labeled by the fusion
probe. The stability and dynamics of filamentous actin are controlled by and
their complexes, since actin isoforms are highly conserved (see subsection . There-
fore, it is obvious to suggest that the formation of functionally different subpopulations
of actin is caused by decoration with different Here, the subpopulation enclos-
ing the nuclear basket may be accessible for the Lifeact{psRFP] fusion protein due to
a scarcer decoration with In contrast, binding of the tetrameric probe to the
cortical filaments is inhibited by dense coverage (Fig. . Thus, we suggest that
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Figure 7.5.: Normalized fluorescence of Lifeact (triangles) and Lifeact-mRFP1
(dots) expressed in @ cells recorded during continuous irradiation with
561-nm light (35 W/cm?). The average and standard deviation of the
fluorescence of five and six (mRFP1) cells were computed. In
the beginning of the experiment, the on-switching of due to 561-
nm light irradiation can be observed (inset).

different subpopulations of actin within a cell can be specifically visualized by the sole
difference of the nature of the label (tetramer vs. monomer). In a similar fashion,
Leduc et al. showed that it is possible to generate traffic jams on microtubules by
molecular crowding of kinesin-8-motor proteins. More support for this model of steric
hindrance comes from the observation that cortical were labeled by Lifeact{psRFP)|
in dying cells. Probably, these cells had stopped to control their [ABP] decoration leading
to free accessibility of the Lifeact{psRFP| binding motif. By the same token, the com-
plete decoration of in transiently transformed cells expressing Lifeact{psRFD)|
can also be explained. In transient transformation, only those cells with the highest
level of expression are bright fluorescent and subsequently imaged by fluorescence mi-
croscopy. However, those cells are not viable over longer periods of time. They are
extremely stressed by the functional disruption of the cytoskeleton as a consequence of
Lifeact{psRFP] overexpression. By natural selection, only cells in which the expression
level of the probe does not impair cellular functions will survive. By stable transforma-
tion, physiological levels of the probe can be expected. Using localization microscopy, a
specific functional actin subpopulation was selectively visualized in 3D at a high lateral
resolution by means of the tetrameric Lifeact{psRFP] probe in tobacco cells. In
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Figure 7.6.: Lifeact model. (a) Only small, monomeric fluorescent probes can
bind to cortical actin filaments via Lifeact due to dense coverage with
ABPs. (b) Perinuclear actin is decorated less with and, thus, can
also be labeled by large, tetrameric fluorescent probes.

animal cells, intermediate filaments are known to preserve the nuclear structure. De-
spite considerable research efforts, intermediate filaments including the nuclear lamina
could not be detected in plant cells. The subpopulation of actin filaments revealed by
localization of Lifeact{psRFP| might represent the functional plant analogue of the nu-
clear lamina. The sterically different [AF] population discovered in this nuclear basket
further refines existing models of nuclear migration, even though the whole mechanism
is still far from being completely understood. In the future, fused to Lifeact (or
other proteins of interest) might be used as a probe to address the problem of functional
compartmentalization, i.e., the coexistence of functionally distinct subsets of organelles
or protein complexes without separation by a membrane.
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7.2. Desmin Filament Assembly Visualized by Dual Color
PALM

7.2.1. The Desmin Protein and ARVC

Muscle cells contain several [intermediate filament (IF)[proteins such as desmin, vimentin,
nestin, synemin, syncoilin, lamins, and cytokeratins . Desmin is the major muscle-
specific [[F] protein found in cardiac, skeletal and smooth muscle cells. It forms a three-
dimensional scaffold around the myofibrillar Z-disk and connects the entire contractile
apparatus to the subsarcolemmal cytoskeleton, the nuclei and membrane localized, multi-
protein complexes like desmosomes and costamers . Therefore, it is essential
for maintaining muscle cytoarchitecture. Desmin also forms longitudinal connections
between the peripheries of successive Z-disks and along the plasma membranes of stri-
ated muscle cells. It is particularly abundant at the myotendinous junctions and at
the neuromuscular junctions of skeletal muscle, and also in the intercalated disks, the
attachment sites between cardiomyocytes in cardiac muscle. Desmin is encoded by a
single gene present in all species studied to date. Like other proteins, desmin con-
sists of a central, helical rod-domain built from 303 amino acids flanked by a globular
N-terminal head and a C-terminal tail domain (Fig. . The central rod domain is
constructed from four helical subdomains called 1A, 1B, 2A and 2B, which are separated
by three non-helical linker regions L1, 12 and L2. Desmin filament assembly can be dis-
sected into three major steps . The elementary building block of desmin filaments

1A 11 1B L12 2A 12 2B
i head rodg lailt

a
c e e — . d

b

Figure 7.7.: assembly. (a) Single dimer consisting of a head, tail and a central rod
domain, which is divided into four helical subdomains (1A, 1B, 2A, 2B)
connected by linker regions (L1, L12, L2). (b) Two anti-parallel dimers
assemble into tetramers. (c) Eight tetramers associate into (d)
longitudinally associate into full filaments. Scheme adopted from

Ackbarow et al. .
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are tetramers, which are built in an anti-parallel alignment of two desmin coiled-coil
dimers. In the first step of desmin assembly, are built by lateral association of
eight tetramers. In the second step, short filaments arise by longitudinal annealing of
In the third and final assembly step, these filaments are extended into longer
filaments with a diameter of approximately 10 — 15 nm.

Mice with an inactive desmin gene (desmin knockout mice) develop normally and are
fertile. The absence of desmin does not affect the early stages of muscle development or
the subsequent maturation of muscle fibers. However, after birth, mice lacking desmin
suffer from cardiomyopathy, skeletal myopathy, and smooth muscle dysfunction, reduc-
ing the life span of the desmin knockout mice. The hearts of desmin knockout mice are
most severely defective [2094210]. A heart without desmin develops cardiomyocyte hyper-
trophy and |[desmin-related myopathy (DRM)| characterized by extensive cardiomyocyte
death, calcification and multiple ultrastructural alteration. have been linked to
skeletal and cardiac myopathies in which the desmin filament network is lost and ab-
normal aggregates of desmin are formed in muscle fibers [211]. The clinical effects are
heterogeneous, including one or more characteristic symptoms, such as skeletal myopa-
thy, different forms of cardiomyopathy, respiratory deficiency, neuropathy, and smooth
muscle disorders. Some of these hereditary or sporadic disorders are attributable to
missense mutations and deletions in the desmin gene [212-214]. |Arrhythmogenic right|
(ventricular cardiomyopathy (ARVC)|is such an inherited heart muscle disease, frequently
accompanied by terminal heart failure [215].

[ARVC]is characterized by predominant dilation of the right ventricle and arrhythmia.
Presumably, loss of cardiomyocytes by apoptosis and replacement of heart muscle tis-
sue by fatty and fibrous tissue lead to heart failure and sudden death under physical
stress. It is well accepted that mutations in the five cardiac desmosomal proteins DSG2,
DSC2, DSP, PKP2, and JUP cause [ARVC] In addition to adherent and gap junctions,
desmosomes are one of the three adhesive elements which are localized at intercalated
discs in cardiac tissue. In contrast to adherens junctions, which are connected to actin
filaments, desmosomes are linked to by desmoplakin. Therefore, it is believed that
[ARVC]is a disease of altered adhesion among cardiomyocytes, resulting in an inhibited
force transmission and decreased cohesion between cardiomyocytes.

Recently, several groups identified heterozygous mutations in different domains of the
desmin gene of ARVC| patients. Yet, it is not known how desmin mutations contribute to
the arrhythmogenic phenotype of [ARVC] Some of these mutations cause desmin to con-
glomerate into abnormal aggregates. Since all [ARVC}related desmin mutations known
so far are heterozygous, it is essential to analyze the composition of desmin filaments and
aggregates to understand the pathomechanisms. It is unknown if wild type (wt) and mu-
tant desmin coexist in the same protein complexes, i.e., filaments and aggregates, or if,
e.g., aggregates are exclusively composed of mutant desmin. Therefore, we studied how
coexpression of mutant and desmin affects filament assembly using super-resolution
dual color

129



7. Organization of Filament Assembly in Live Cells Visualized by PALM

7.2.2. Cells Used to Study the Effects of Desmin Mutations

In the experiments presented here, the influence of five different [ARVC}related desmin
mutations on filament assembly was studied. The mutants were coexpressed with
desmin and imaged using super-resolution dual color [85,105]. The human adrenal
carcinoma cell line SW-13 (ATCC, CLL-105) used in numerous other investigations of
intermediate filament proteins was chosen for this study. SW-13 cells do not endoge-
nously express cytoplasmatic intermediate filament proteins like desmin or vimentin that
could have altered the results. Another advantage of this cell line is the high transfec-
tion efficiency. First, we tested our system by transient tranfection of [wt| desmin fused
to mEosFPthermo [86]. mEosFPthermo is a green fluorescent protein that can be con-
verted to a red emitting form by inducing a backbone cleavage with 400-nm light (see
subsection [2.5.7). It is a variant of monomeric EosFP [95] where the alanine at position
69 has been replaced by a valine. This single point mutation improves the expression
of functional proteins at 37°C. The resulting fluorescence images yielded the typical fil-
amentous structures known for the desmin protein (Fig. [7.8). In the images,

filament arrangement was revealed in a much greater detail. A quantitative evaluation

Figure 7.8.: Fluorescence images of desmin-mEosFPthermo in live SW-13 cells. (a-c)
Epifluorescence images. (d-f) [PALM]| images reconstructed from 20,000
frames acquired at 3ms camera exposure time. Scale bar, 1 pm.
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7.2. Desmin Filament Assembly Visualized by Dual Color PALM

of the localization precision (see subsection [7.2.4]) yielded a 5 — 6 fold increase in im-
age resolution by [PALM] From the images, it can also be seen that individual desmin
filaments tended to cluster into larger superstructures when expressed in SW-13 cells.

Materials and Methods

Cloning and mutagenesis: The desmin constructs were created by cloning the full-
length cDNA of human desmin in frame into pEYFP-N1 or pECFP-N1 plasmids
Mountain View, USA). The single point mutations S13F, E114del, N116S, N342D
and R454W were introduced by site-directed mutagenesis (QuikChange Lightning,
Santa Clara, USA). Plasmids used for experiments were generated by re-
placing EYFP with mEosFPthermo and mlIrisGFP. The accuracy of each plasmid was
controlled by sequencing on an ABI-310 genetic analyser (Applied Biosystems| Foster
City, USA) using the Big Dye Terminator v3.1 cycle sequencing kit (Applied Biosys-|
tems)). Desmin was cloned and mutated by Andreas Brodehl.

Cell culture and transfection: SW-13 cells were grown in culture dish assemblies on
glass coverslips in without phenol red, supplemented with 10% and peni-
cillin/streptomycin (Gibco, . Cells were transfected using Lipofectamine 2000
(Invitrogen)) according to the manufacturer’s protocol. 800ng of plasmid was used for
single transfections, whereas 400 ng of each plasmid were used for double transfections.
Cells were analyzed 24 h after transfection. SW-13 cells were cultured and transfected
by Andreas Brodehl.

7.2.3. Dual Color PALM

A major issue in dual color [PALM] experiments is the choice of In addition
to the excitation wavelength, need to be irratiated with light of another, blue-
shifted wavelength to induce photoconversion or photoswitching. Usually, to maximize
localization precision in [PALM] imaging, fluorescence is excited at power densities of
up to several kW /cm? to gain as many photons per fluorophore as possible in a single
image frame. On the other hand, the number of fluorescence emitters in the field of
view should be low enough to ensure their spatial separation. Thus, the molecules are
only sparsely photoactivated using comparatively low power densities. Consequently, for
simultaneous imaging of two color channels, the excitation and activation wavelengths
of the two fluorophores employed must not overlap. Furthermore, the photoactivation
yield is different for each[paFP}, especially amongst photoconvertible and photoswitchable
proteins. Therefore, the activation wavelengths of both markers should also be different
to ensure an optimal number of fluorescing molecules by an independent control of
photoconversion in both simultaneously acquired color channels. Tab. gives an
overview of the current monomeric showing that, unfortunately, there is always a
conflict in wavelengths. Thus, until now, dual color PALM]imaging is usually performed
in a sequential manner.
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Table 7.1.: Overview of excitation/emission and photoactivation wavelengths of

monomeric [pak'Ps| used in imaging.

Fluorescent Form | Excitation/ | Activation | Activation | Switching
protein emission (nm) (nm) mode mode
PA-GFP [69] 504/517 405 irreversible -
PAmCherryl [216] 564 /595 405 irreversible -
cyan 402/468 - - -
PS-CFP2 {104 green 490/511 405 irreversible -
Dronpa [101] 503/518 405 reversible | negative
Padron [105] 503/522 405 reversible | positive
rsFastLime [217] 496/518 405 reversible | negative
. green 486/516 405 reversible/ | negative
mlrisFP 86 red 546/578 473 irreversible | negative
green 506/519 - - -
mEos2 [218] red 573/584 405 irreversible -
green 490/507 - - -
Dendra2 [219) red 553/573 405 irreversible -
rsCherry [220] 572/610 450 reversible | positive
rsCherryRev [220] 572/608 450 reversible | negative

We decided to use the combination of mEosFPthermo (red channel) and mlIrisGFP
(green channel). As a green-to-red converter, mEosFPthermo provides a contrast and
brightness superior to any red fluorescent on-off-switcher currently in use. The disad-
vantage for dual color imaging is the green fluorescence of mEosFPthermo before photo-
conversion, as it interferes with the emission spectrum of the green emitting mIrisGFP.
Therefore, the red channel has to be imaged first. During imaging of red fluorescence,
the photoconversion of all mEosFPthermo molecules guarantees the absence of any green
fluorescent mEosFPthermo molecules before data acquisition is continued in the green
channel. mlrisGFP is a variant of mlrisFP lacking the green-to-red photoconversion
mode but staying photoswitchable in the green [91]. As a negative photoswitcher, off-
switching is induced by the same wavelength as the one used for excitation (473nm),
whereas on-switching can be induced by illumination with 400-nm light. The high off-
switching rate of mIrisGFP induced by strong 473-nm irradiation for excitation requires
fast imaging with camera exposure times of just a few milliseconds. Yet, this circum-
stance is not of any disadvantage. In live-cell imaging, temporal resolution is an impor-
tant point since movements of cellular structures during data acquisition lead to image
blurring. This becomes an even more severe issue in a colocalization experiment, where
both channels are recorded in a sequential manner. Here, movement not just blurs each
of the two images, but also causes an artificial displacement between the labeled struc-
tures after overlay of both images — a severe problem in a colocalization study. We
employed a camera exposure time of 3ms only, so that an entire [PALM] image set of
20,000 individual frames was recorded within one minute. Another advantage of short
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acquisition times was the negligible mechanical drift of the microscopy setup (< 7nm),
thereby avoiding drift corrections.

Materials and Methods

PALM imaging: After transfection of SW-13 cells, red [PALM]images were acquired at
room temperature (24°C) on the setup described in subsectionset to epifluorescence
mode. Before and after [PALM]imaging, we acquired a[DIC|image of each cell to monitor
cell morphology. [PALM] images of single transfected cells expressing a mEosFPthermo
fusion protein were acquired using an camera (Ixon DV89TECS-BV,
with 512 x 512 pixels and a field of view of 55 x 55pum2. A total of 10,000 — 20, 000
frames with a camera exposure time of 50ms were acquired for each high resolution
image. Fluorescence of the red form of mEosFPthermo was excited with 561-nm laser
light at 0.3 —0.5kW /cm? and green-to-red photoconversion was induced by 405-nm laser
light at 0 —0.02kW /cm?. Fluorescence light was filtered by a 610/75nm bandpass (HQ
610/75, after passing the excitation dichroic (z 405/473/561, [AHF).
images of double transfected cells expressing mEosFPthermo as well as mIrisGFP fusion
proteins were acquired using a second, faster camera (Ixon EM+ DU-860,
'Andor|). Dual colorimages were acquired with an exposure time of 3 ms per frame
(128 x 128 pixels, 14 x 14 pm? field of view). For each color channel, 5,000—20, 000 frames
were recorded depending on the protein expression of the individual cells. Fluorescence of
the red form of mEosFPthermo was excited with 561-nm laser light at 2.5 — 4.5 kW /cm?
and green-to-red photoconversion was induced by 405-nm laser light at 0 — 0.2 kW /cm?.
For excitation and off-switching of mIrisGFP, 473-nm light at 2.8 —3.6 kW /cm? was used,
whereas on-switching was induced by 405-nm light at 0—0.2 kW /cm?. Fluorescence light
was separated by the excitation dichroic mirror and filtered by a 610/75nm bandpass
(HQ 610/75, [Chromal) for detection of red fluorescence and by a 535/70 nm bandpass
(HQ 535/70, for detection of green fluorescence. images were analyzed

by fitting a 2D Gaussian distribution to the single molecule signals detected, using a

homemade algorithm written in Matlab (MathWorks|) [79].

7.2.4. Control Experiments
Full photoconversion of mEosFPthermo

As the criterion for finishing data acquisition in the red channel and starting data acquisi-
tion in the green channel, we chose the point when no new molecules appeared in the red
channel despite strong illumination with 405-nm light, assuming that all molecules had
been converted and subsequently bleached. Thus, it was necessary to show that there
were no green mEosFPthermo molecules left that had escaped photoconversion. Due to
the nearly identical spectra of the green emission of mEosFPthermo and mlrisGFP, it
was not possible to prove that point within the dual color coexpression experiments. In
a control experiment, we imaged cells expressing only desmin-mEosFPthermo by
using the same illumination and image acquisition protocol as for the coexpression exper-
iments. Fig. shows that no molecules were detected by the reconstruction algorithm
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in the green channel after photoconversion.

Figure 7.9.: [PALM| images of live SW-13 cells expressing N116S-mEosFPthermo.
(a) Red channel and (b) green channel after photoconversion of

mEosFPthermo.

Absence of Photoconversion of mlrisGFP

To exclude crosstalk, it was necessary to prove that mIrisGFP did not convert to a red
emitting form at the power level of 405-nm irradiation used in the experiments. For
this purpose, cells expressing only desmin-mlIrisGFP were prepared and subjected to
[PALM] The images shown in Fig. were reconstructed after application of the same
illumination and image acquisition protocol as used for the coexpression experiments. It
is evident that no molecules were detectable in the red channel.

2 um

Figure 7.10.: [PALM|images of live SW13 cells expressing mIrisGFP. (a) Red chan-
nel and (b) green channel after attempted photoconversion of mIrisGFP.
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Spatial Drift of the Imaging System

We imaged 20 nm red fluorescent beads dried in on a glass surface in order
to monitor the spatial drift of the microscope setup. Fig. displays the drift that
occurred within 130s, which was the maximum acquisition time for our experiments
(two times 60s for red and green image plus 10s for filter change). The drift did not
exceed 7Tnm. The width of the distribution of the emitter locations within the scatter
plot reflects the localization precision obtained for the fluorescent beads, which was 3 nm.
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Figure 7.11.: Drift of the microscope setup within 130 s monitored by tracking 20 nm
red fluorescent beads ([nvitrogen|). One frame was acquired every second.

Cell Morphology

As with any other fluorescence microscopy technique, photodamage induced by high
intensity light irradiation can be an issue in [PALM] Therefore, we acquired [DIC| im-
ages before and after each [PALM)] measurement to monitor changes in cell morphology
indicating severe damage to the cell. Fig. shows an example of such pre- and
post{PALM] images, no adverse effects of illumination with the employed protocol were
detected.

Localization Precision

The resolution of a[PALM]image depends on the localization precision of the individual
fluorophores (subsection equation [2.107)) and on the density of labels. Fig.
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Figure 7.12.: (a) Pre- and (b) post{PALM picture of a double transfected SW-13
cell. The illumination protocol applied between the acquisition of both
images is described in subsection

shows the distribution of signal photons, background photons and 2D position errors
representative for the PALM]images presented in subsection [7.2.5] The number of signal
photons detected for mEosFPthermo was higher and, at the same time, background was
lower than for mlIrisGFP. Thus, the mean localization precision in the red channel was
~ 10nm higher than in the green channel. Still, the resolution of the green widefield
image (226 nm, calculated from an emission wavelength of 516 nm and a of 1.46)
was substantially surpassed. With 50ms of integration time per frame, the average
number of photons detected per burst increased from 204 to 316 photons. Interestingly,
the localization precision was the same, since the background also increased with the
camera exposure time. These results are consistent with the numbers for mEos2, a
[paFP| with similar properties as mEosFPthermo. At a camera exposure time of 100 ms,
an average of 360 photons were detected per burst for mEos2 resulting in a 1D position
error of 11 nm . It has to be noted that the photon numbers heavily depend on the
threshold setting of the data evaluation because, thereby, a cut-off at the lower end is
set. Therefore, the results from different groups using different algorithms and settings
are not directly comparable.

7.2.5. Observed Effects of Desmin Mutants
Overview of Desmin Mutants

All examples shown for the double transfected cells represent typical results of 10 — 20
cells imaged. The examples shown for the single transfected cells represent typical results
of ~ 5[PALM] images. In the coexpression experiments, mIrisGFP was fused to the
and mEosFPthermo was fused to the mutated form of desmin, unless indicated otherwise.
Fig. displays an overview in single transfected cells of all desmin variants studied,
namely R454W, S13F, N342D, N116S and El114del fused to mEosFPthermo. The
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Figure 7.13.: Single molecule statistics representative of the[PALM] measurements with
the mEosFPthermo and mIrisGFP. (a-c) Number of signal pho-
tons detected per burst, (d-f) number of background photons detected
per molecule per pixel and (g-i) 2D localization error.
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standard epifluorescence images already revealed different effects of the various mutations
on filament assembly, if only the mutant was expressed. The structures formed by
R454W and S13F resembled those of desmin, whereas the mutants N342D, N116S
and E114del formed abnormal aggregates.

Figure 7.14.: Standard epifluorescence images of live SW-13 cells expressing desmin-
mEosFPthermo fusion constructs. (a) (b) R454W, (c) S13F, (d)
N342D, (e) N116S and (f) E114del. Scale bar, 5 pm.

Desmin Wild Type

Transfected SW-13 cells expressing [wifmEosFPthermo displayed filamentous structures
as expected for the desmin protein (Fig. . The substantial resolution enhance-
ment of the image compared to the standard epifluorescence image is clearly
visible. When expressed in SW-13 cells, individual desmin filaments tended to cluster
into larger superstructures. Double transfected cells expressing wt-mlIrisGFP as well as
wt-mEosFPthermo were imaged in order to assess the data quality that is to be expected
from the following coexpression experiments. Typical desmin filaments can be seen in
Fig. [7.15kc-k. In all examples shown, colocalization of the structures in the green and
red channel are clearly visible. Yet, there are some slight variations that need further
explanation. Slight movement of the structures might had occurred during acquisition of
the high resolution images, taking one minute per color channel. We minimized
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Figure 7.15.: (a,b) Fluorescence images of live single transfected SW-13 cells express-
ing wt-mEosFPthermo. (a) Epifluorescence image depicting a close-up of
a cluster of desmin filaments. (b) image of the same area revealing
much greater structural detail. (c-k) images of live SW-13 cells
expressing wt-mEosFPthermo and wt-mIrisGFP. (c-e) Green im-

ages, (f-h) red [PALM]|images and (i-k) overlay of both color channels.
Scale bars, 1pm.

cell movement by measuring at room temperature (24°C) instead of 37°C. Still, cellular
dynamics was not completely inhibited. If the shift occurred in the lateral direction,
it could be monitored and, typically, it was less than 100nm. A more severe problem
was a shift in the axial direction. In this case, the structure moved out of focus. Thus,
the diffuse images of the single emitters could no longer be evaluated by the localization
algorithm and were discarded. Although the optical elements in the microscope setup
were fully color corrected, chromatic aberration can occur at larger imaging depths since
the fluorescence light has to penetrate cell material. Another issue were the different
photophysical properties of the employed fluorophores such as quantum yield, brightness
and photoactivation characteristics. In localization analysis, all events below a certain
photon threshold are not detected and/or evaluated. Weak single molecule fluorescence,
e.g., from slightly defocused areas, is considered as background and discarded. Conse-
quently, such structures are not represented in the final image. This cut-off was
different for the green and red image due to the differences in brightness and contrast of
the employed fluorophores.
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Desmin R454W

Single transfected cells expressing R454W-mEosFPthermo (Fig. [7.16f,b) displayed fil-
amentous structures comparable to those of desmin, barely showing any sign of ag-
gregate formation. Double transfected cells expressing wilmlrisGFP as well as R454W-
mEosFPthermo fusions (Fig. [7.16fc-k) showed no sign of aggregate formation. Also,
both forms colocalized within the same filaments, indicating that the mutant R454W
has only a minor influence on filament assembly.

Figure 7.16.: (a) Epifluorescence and (b) image of R454W-mEosFPthermo ex-
pressed in live SW13 cells. (c-k) images of wt-mlIrisGFP coex-
pressed with R454W-mEosFPthermo in live SW-13 cells. (c-e) Green
images, (f-h) red images and (i-k) overlay of both color

channels. Scale bars, 1 pm.

Desmin S13F

Similar to the mutant R454W, single transfected cells expressing S13F-mEosFPthermo
(Fig. ,b) displayed filamentous structures comparable to those of desmin, only
little aggregate formation occurred. Double transfected cells expressing [wtlmIrisGFP
as well as S13F-mEosFPthermo (Fig. —k), showed very little sign of aggregate
formation. Again, the mutant was incorporated into the filaments and, thus, it affected
filament assembly minimally — if at all.
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Figure 7.17.: (a) Epifluorescence and (b) PALM: image of S13F-mEosFPthermo ex-
pressed in live SW13 cells. (c-k) [PALM] images of [wt}mIrisGFP co-
expressed with S13F-mEosFPthermo in live SW-13 cells. (c-e) Green

PALM| images, (f-h) red [PALM]|images and (i-k) overlay of both color

channels. Scale bars, 1 pm.

Desmin N342D

In single transfected cells expressing N342D-mEosFP2A69V (Fig. [7.18a,b), filament
assembly was disrupted as only aggregates were visible. When coexpressed with
desmin, filament assembly was recovered. Yet, both forms colocalized within the same
structures (Fig. [7.18lc-k). This indicates that this mutation has only minor influence
on filament assembly when coexpressed with the in contrast to the heavy aggregate
formation in cells expressing the mutant only.

Desmin N116S

In single transfected cells expressing N116S-mEosFPthermo, filament assembly was com-
pletely inhibited (Fig. ,b), only aggregates were visible. When coexpressed with
desmin, filaments as well as aggresomes appeared (Fig. -k) and, thus, filament
assembly was partially recovered. Again both forms colocalized within both structures.
Yet, the mutant N116S clearly disrupts filament assembly.

Desmin El1l4del

Single transfected cells expressing El14del-mEosFPthermo showed similar behavior to
N116S-mEosFPthermo expressing cells. Filament assembly was completely inhibited
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Figure 7.18.: (a) Epifluorescence and (b) [PALM)|image of N342D-mEosFPthermo ex-
pressed in live SW13 cells. (c-k) [PALM] images of [wifmlIrisGFP coex-
pressed with N342D-mEosFPthermo in live SW-13 cells. (c-e) Green

PALM| images, (f-h) red [PALM]| images and (i-k) overlay of both color

channels. Scale bars, 1 pm.

Figure 7.19.: (a) Epifluorescence and (b) [PALM|image of N116S-mEosFPthermo ex-
pressed in live SW13 cells. (c-k) [PALM] images of [wtfmlIrisGFP coex-
pressed with N116S-mEosFPthermo in live SW-13 cells. (c-e) Green

PALM| images, (f-h) red [PALM]|images and (i-k) overlay of both color

channels. Scale bars, 1 pm.
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(Fig. ,b)7 only aggresomes were visible. When the mutant El14del was coex-
pressed with desmin, only aggresomes appeared (Fig. -k). Yet again, both
forms colocalized within those structures, although filament assembly was completely
inhibited.

Figure 7.20.: (a) Epifluorescence and (b) [PALM|image of E114del-mEosFPthermo ex-
pressed in live SW13 cells. (c-k) [PALM] images of [wifmlIrisGFP coex-
pressed with Ell4del-mEosFPthermo in live SW-13 cells. (c-e) Green

PALM| images, (f-h) red [PALM]|images and (i-k) overlay of both color

channels. Scale bars, 1 pm.

7.2.6. Summary

Since all ARVClassociated desmin mutations presently known are heterozygous, we an-
alyzed filament or aggregate formation in mutant and co-transfected SW-13 cells.
This cell line lacks endogenous cytoplasmic IF proteins, and was subsequently used to
characterize filament formation in a controlled, heterozygous constellation. Using super-
resolution dual color PALM| we compared for the first time the influence of different
[ARVC}related desmin mutations on filament assembly in living cells. The [ARVC}related
desmin mutations R454W, S13F, N342D, N116S and Ell4del differ in their effects on
desmin filament assembly in SW-13 cells. An overview of the consequences of these five
different mutations is displayed in Fig. While the mutants R454W and S13F
formed filamentous networks similar to desmin, the mutants N342D, N116S and
E114del induced the formation of abnormal aggregates, when they were homozygously
expressed. Coexpression of E114del in combination with [wt|desmin blocked the filament
assembly process completely. In contrast, coexpression of the mutant N116S and
desmin inhibited filament assembly to a lesser extent because, in co-transfected SW-13-
cells, filaments as well as aggregates were visible. Coexpression of the mutant N342D
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Figure 7.21.: Typical structures of desmin and the related mutations
R454W, S13F, N342D, N116S and El14del (top to bottom) when (a-
r) coexpressed with [wt|desmin as well as (s-x) in single transfected cells.
(a-f) Green [PALM]images, (g-1, s-x) red [PALM]images and (m-r) over-

lay of both color channels. Scale bars, 1um.
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and [wt] desmin led to incorporation of mutated molecules into indicating that this
mutation has a minor effect on filament assembly in vivo. The coexpression of the other
two mutants S13F and R454W seemed not to differ in phenotype of [wt| transfected cells.

By imaging, we further confirmed the results of the experiments. In
experiments, the energy transfer is measured due to dipole-dipole interactions
between two fluorophores, the donor and the acceptor. This energy transfer strongly
decreases with increasing distance between donor and acceptor. The distance for a sig-
nificant energy transfer is typically limited to values < 10nm. Thus, can be
used as a ruler to resolve intramolecular distances. For a review on imaging, see
Jares-Erijman et al. [221]. We imaged cells transfected with ECFP- and EYFP-tagged
desmins [222]. A high efficiency is expected if the two proteins are in close prox-
imity. Thus, imaging provided information on the molecular assembly of desmin
filaments and aggregates (Fig.[7.22). As a control, [wt]desmin fused to both fluorescence
tags was expressed in SW-13 cells. We detected in all filaments, indicating that
this approach was suitable for our study. For the mutants S13F, N342D and R454W,

| |
Figure 7.22.: Representative fluorescence images of SW-13 cells coexpressing and
mutant desmin, color-coded for normalized efficiency. desmin
was labeled with EYFP as acceptor, the indicated desmin mutants were
labeled with ECFP as donor. (a) (b) S13F, (c) N116S, (d) E114del,

(e) N342D and (f) R454W. [FRET]| images were acquired and analyzed
by Andreas Brodehl. Scale bars, 5 pm.
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mutant desmin was incorporated into the same filaments as[wt| desmin and, for these, no
aggregates were detected. However, in cells coexpressing N116S mutant and [wt| desmin,
small filaments as well as aggregates were visible and [FRET| was detected from both. For
the mutant E114del coexpressed with the desmin, only cytoplasmic aggregates were
visible. Again, strong indicated coexistence of mutant and fwt| desmin. From the
[FRET] experiments, it can be concluded that mutant and [wf] desmin always coassembles
and that mutant desmin partially (N116S) or completely (E114del) prevents formation
of functional filaments by [w{] desmin. These findings agree well with the results obtained

from dual color [PATM]

7.2.7. Discussion

Until now, more than fifty disease-causing desmin mutations distributed over the entire
amino acid sequence have been identified [223]. The phenotypes of these diseases are
clinically heterogeneous ranging from isolated myopathy, dilated cardiomyopathy with
or without skeletal muscle disorder, hypertrophic, restrictive or arrhythmogenic right
ventricular cardiomyopathy, respectively [224]. In this study, the effects of five recently
identified [ARVC}associated desmin mutations on filament formation were systematically
compared to obtain further molecular insights into the assembly defects of this subgroup
of mutants. Moreover, the desmin mutations analyzed in this study were found in
patients as a heterozygous genotype. For each mutant, four scenarious are possible

when coexpressed with [wt| desmin (Fig. [7.23):

(A) Only filaments are formed. Mutant and molecules are incorporated into the
same filaments.

(B) Only aggregates are formed, composed of a mixture of [wt| and mutant molecules.

(C) Aggregates and filaments are found within the same cell, composed of a mixture
of [wtl and mutant molecules.

(D) Aggregates and filaments are found within the same cell. desmin is found
exclusively in filaments, whereas only the mutant forms aggregates.

In order to identify which of these types might be found in desminopathies, we analyzed
[ARVC}related mutations in cell culture. Sharma et al. [225] and Pica et al. [226] found
equivocal results on the desmin mutant S13F, since it formed small filaments and ag-
gregates after homozygous transfection in different cell lines. In our experiments, the
homozygous transfection of S13F revealed exclusively filaments in the majority of cells,
whereas the heterozygously transfected cells displayed mixed filaments of mutant and
Thus, S13F forms filaments according to types (A) and (C). The amino acid serine
13 is localized within the conserved nonapeptide in the head domain, which is essential
for filament assembly [227]. The heterogeneous in vitro effects found for the mutant
S13F might depend on the degree of phosphorylation at serine 13 [228|. The mutant
E114del revealed a severe aggregate formation defect, which is consistent with previous
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homozygous wt N342D
transfection R454W N116S
S13F E114DEL

heterozygous  N342D E144DEL N116S not found
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Figure 7.23.: Model depicting filament and/or aggregate formation in cells coexpress-
ing [wt| and mutant desmin.

studies on homozygously transfected SW-13, 3T3 and C2C12 cells [229]. In the het-
erozygously transfected cells, the mutant E114del showed a dominant effect, even on
desmin and led to aggregates, which incorporated desmin according to type (B).
This deletion mutant has also been reported to impair protein interactions with the [[F}
protein synemin, resulting in a complete coaggregation of both proteins [230]. E114del
presumably induces a twist of the hydrophobic seam, which is essential for the formation
of the coiled-coil dimer [229]. It can be concluded that this mutant provides a dominant
loss of the ability of desmin molecules to form filaments. Previously, the mutant
N116S was reported to induce aggregate formation when homozygously expressed in
SW-13 cells. However, in cardiac tissue of the patient, both filaments and aggregates
of desmin were found [215]. In the heterozygous cell culture experiments, the mutant
N116S formed filaments as well as aggregates within the same cell, composed of both
desmin forms according to type (C). Homozygous expression of N342D-desmin led to a
phenotype comparable to the one previously described [231]. However, in heterozygous
coexpression experiments, a dominant inhibiting effect on filament assembly could be ex-
cluded. Mutant and desmin molecules were incorporated into the same filamentous
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structures without aggregate formation, according to type (A). Different groups have
investigated the homozygous expression of R454W desmin in different cell lines, leading
to conflicting results concerning the degree of aggregate formation [232,233]. In this
study, homozygously transfected R454W-desmin formed filamentous networks. Further-
more, heterozygously expressed R454W desmin formed mixed filaments in transfected
cells according to type (A). Coexpression experiments with similar results have been
reported by Bér et al. [234]. However, in that study, colocalization of and mutant
desmin could not be analyzed for technical reasons. The amount of dimers, tetramers
and oligomers of R454W in transfected cells has previously been determined by single
particle fluorescence spectroscopy, demonstrating that R454W differs only marginally
in comparison to the [232]. Consequently, the pathogenic role of this variant is not
clear. Further studies might clarify the clinical effects of this sequence variant.

The data obtained by [PALM] as well as clearly revealed that all mutants form
mixed filaments or aggregates, according to types (A-C). Interestingly, in none of the
mutations analyzed in this study, we found a separation of mutant and desmin into
filaments and aggregates within the same cell, as suggested by type (D). Despite this
systematic absence of segregation, it should be noted that slight variations in the local
concentration of mutant and [wt] desmin were observed in the [PALM] images as well as
in the [FRET] data. Also, it cannot be excluded that some other desmin mutants might
lead to a type (D) filament formation defect.

The existence of filaments composed of and mutant desmin raises the question if
the nanomechanical properties in mixed filaments are impaired by incorporation of the
mutant forms. The methodological approach of this study included two complementary
techniques for the analysis of desmin filament formation in living cells. Whereas the dual
color [PALM]experiments provided insight into the structural composition of mutant and
desmin, the [FRET] data indicated close proximity of these [[F}forms within a spatial
range below 10 nm. From the dual color PALM]experiments of the investigated mutants,
the hypothetical type (D) filament formation defect could be excluded. In summary, the
methological approach using high resolution dual color [PALM] and [FRET| measurements
has substantially improved our understanding of the structures and molecular assem-
bly of heterozygously expressed desmin mutants in living cells. The experiments led to
a more sophisticated scheme of filament formation defects caused by mutated desmin
proteins.
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8.1. Technical Considerations and Limitations

In this work, different fluorescence microscopy techniques were utilized according to
their ability to unravel the structure and dynamics of specific biological systems. In
general, the performance of a microscope can be judged by the field of view, spatial and
temporal resolution. However, those three parameters are difficult to optimize in a single
experiment.

According to the sampling criterion, the pixel size must be less than half the desired
spatial resolution. In a scanning setup, the field of view and the number of image pixels
can be varied separately. Thus, it is possible to image a large area while maintaining
high spatial resolution. However, in such a configuration, the scanning process will take
quite long due to the strongly increased number of pixels, resulting in a poor temporal
resolution. In super-resolution microscopy, a confocal raster-scanning technique,
the loss of field of view and/or temporal resolution is a direct consequence of the reduced
pixel size needed for increased optical resolution. Fast, video-rate imaging is still possible,
but limited to micron-sized regions of interest. A distinctive feature of raster-scanning
is the time structure contained within each image, determined by the pixel dwell time,
which is in the range of a few microseconds. This additional information can be harnessed
by correlation analysis. In this work, fast microscopy was utilized in to
simultaneously quantify translation dynamics of proteins and lipids in multiple sub-
micron sized cellular moieties. Mapping of a large area by sequential imaging of several
regions was also possible, provided that the molecule dynamics persisted within the total
acquisition time of a few minutes.

In a widefield microscope, the number of pixels is determined by the camera chip.
Thus, by varying the objective magnification, one can either monitor a large area at
limited spatial resolution, or accept a smaller field of view if high spatial resolution
is desired. Independent of the observation area, current widefield detectors allow for
fast, video-rate imaging. In this work, a particular kind of widefield microscope was
implemented by using total reflection. In the excitation depth of the sample
is limited to ~ 100nm by illumination with an evanescent wave. For membrane-based
studies, is an excellent way to limit cytoplasmic background fluorescence. In
combination with [FRAP] to probe redistribution dynamics, [TIRFM)| was ideally suited
to study the rapid actions of a steroid receptor at the plasma membrane of live
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immune cells.

In super-resolution localization microscopy, the pixel size does not need to be decreased
in the image acquisition process. Only after localization of the individual fluorophores,
their positions are drawn on a finer grid; therefore, the field of view is not compromised.
On the other hand, it usually takes several thousand individual frames until enough
marker signals are captured to fulfil the sampling criterion. Thus, the temporal resolution
in localization microscopy is poor and, in contrast to [STED] microscopy, can hardly be
recovered by limiting the field of view. Nevertheless, if structures of rather slow dynamics
are under study, super-resolution localization microscopy is a preeminent tool for live
cell imaging. In this work, the tetrameric probe psRFP fused to Lifeact was observed
to exclusively label perinuclear actin when stably expressed in plant cells. The optical
switching mechanism of psRFP was used to acquire super-resolution images including
z-stacking by means of[PALM] In this way, the lamellar arrangement of perinuclear actin
around the nucleus was resolved in great detail. Finally, dual color [PALM]revealed the
effects on desmin filament assembly caused by several mutations in the gene encoding
for the desmin protein, which is essential for heart muscle function.

8.2. Fluorescent Markers and Labeling

Besides hardware limitations, another aspect is of great importance in super-resolution
microscopy. The diffraction barrier is not broken by optical elements but by an in-
trinisic, non-linear response of the employed markers. [STED] or [RESOLFT] microscopy
rely on the depletion of the bright state of the markers within most of the illumina-
tion volume resulting in thousands of switching cycles during image acquisition. Thus,
the fluorophores must feature a high resistance to switching fatigue. In localization
microscopy, each marker needs to appear in the bright state only once; consequently,
only a single switching cycle is required. In contrast, the number of photons emitted
from each molecule directly affects the localization precision and, thus, the spatial res-
olution. In[STED]or [RESOLFT] microscopy, a single detected photon can be sufficient.
In addition, all super-resolution techniques rely on dense labeling conditioned by the
sampling criterion. But, super-resolution is a consequence of being able to isolate a tiny,
sub-diffractional population of markers within a large, diffraction-limited volume. This
requires a high contrast between dark and bright marker states. In a nutshell, applica-
tion of super-resolution microscopy is limited by the fluorophores.

Organic dyes such as Atto647N exhibit excellent photostability and are preferred in
[STED)] microscopy. As an example, by labeling of the IgE antibody with Atto647N, the
spatial distribution and dynamics of FceRI receptors at the plasma membrane of live
mast cells was studied by STEDHRICS| In contrast, up to now, labeling of the intra-
cellular glucocorticoid receptor was only feasible by fusing it to the genetically encoded
[GFP] Compared to high-end dyes, fluorescent proteins display inferior photostability.
Also, the spectral properties of [GFP] are not ideal for [STED] The high power density
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required for efficient depletion is likely to cause photodamage due to application of short
depletion wavelengths compatible with the spectrum of a green-emitting fluorophore. In
future experiments, new labeling systems could allow the application of to
simultaneously probe the dynamics of intracellular proteins at multiple regions of inter-
est to better accommodate heterogeneities of the cellular environment.

on the other hand, is compatible with any fluorophore. Yet, with this tech-
nique, a fusion of the[GR]to a photoconvertible [FP]such as mEosFPthermo could provide
further insight in the study of the immune response of mast cells. The setup imple-
mented in this work allows for a quick change between and epi-illumination of the
sample. In a so-called pulse-chase experiment, green fluorescent, membrane-associated
[GRImEosFPthermo could be photoconverted to the red fluorescent form in mode,
followed by imaging of the cytoplasm using epi-illumination to unravel any potential
exchange between membrane-bound and cytoplasmic

Just as in a pulse-chase experiment, particular marker properties can be exploited to
design new biological assays. When tetrameric Lifeact-psRFP was stably expressed in
plant cells, it was observed to exclusively label perinuclear actin. Presumably, sparse
accessory protein decoration of perinuclear actin allowed for binding of the rather large,
tetrameric fusion probe, whereas a more dense decoration prevented labeling of other
subpopulations of actin. This steric-hindrance approach to label certain subpopulations
of proteins and protein structures could be refined by designing markers of specific sizes
and, thus, might constitute a helpful tool for other studies.

Finally, an improved spatial resolution, as provided by dual color [PALM] is highly
demanded for live cell colocalization studies. Camera exposure times as short as 3 ms
allowed for data acquisition in both color channels in ~ 2min. To further enhance dual
color new with different excitation/emission and photoconversion prop-
erties are required. Parallel imaging of both color channels could further reduce the
acquisition time and help to establish dual color [PALM]as a standard imaging technique
in cell biology.

Over the last years, super-resolution techniques have emerged and proven to be pow-
erful tools to answer fundamental biological questions. However, to fully exploit their
capabilities, advanced markers and labeling systems need to be developed. For labeling,
new methods such as SNAP- and CLIP-tagging aim for a more universal, intracellular
application of organic dyes and nanocrystals in living cells. In terms of marker devel-
opment, there is great effort to improve the photophysics of current fluorescent proteins
to catch up with their non-genetically encoded siblings. Thus, versatile visible light
microscopy providing molecular resolution feels within the grasp of the next decades.
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Zusammenfassung -
Hochauflosungstechniken fur Studien in
lebenden Zellen

Technische Betrachtungen und Einschrankungen

In dieser Arbeit wurden mit Hilfe verschiedener Methoden der Fluoreszenzmikroskopie
diverse biologische Fragestellungen behandelt. Im Allgemeinen kann die Leistung eines
Mikroskops durch die Grofle des Beobachtungsfeldes, die raumliche und die zeitliche
Auflésung bewertet werden. Allerdings ist es schwierig, diese drei Parameter gleichzeitig
zu optimieren.

Das Abtasttheorem besagt, dass die Grofle der Bildelemente weniger als die Hélfte
der erwarteten Auflosung betragen muss. Erfolgt die Bildgebung durch ein Abrastern
der Probe, so kann gleichzeitig sowohl das Beobachtungsfeld als auch die Gréfle der
Bildelemente verandert werden. Daher ist es moglich, eine hohe rdumliche Auflésung
auch bei der Abbildung eines grofien Bereichs zu erzielen. Aufgrund der hohen An-
zahl an Bildelementen wird der Aufnahmeprozess jedoch sehr lange dauern. Daher
ist in der hochauflésenden STED Mikroskopie die Reduzierung des Beobachtungsfeldes
und/oder der zeitlichen Auflésung eine direkte Konsequenz der reduzierten Grofle der
Bildelemente. Diese ist jedoch notig fiir eine héhere rdumliche Auflésung. Schnelle
Aufnahmen auf Zeitskalen unterhalb einer Sekunde pro Bild sind auf Areale im Mikro-
meterbereich beschrankt. Fin wesentliches Merkmal mittels Rasterung aufgenommener
Bilder ist deren implizit enthaltene Zeitstruktur, bestimmt durch die Integrationszeit
pro Bildelement, welche im Bereich einiger Mikrosekunden liegt. Diese zusatzliche In-
formation kann mit Hilfe von Korrelationsanalyse genutzt werden. Im Rahmen dieser
Arbeit wurde ein schnell abrasterndes STED Mikroskop aufgebaut und mit Raster-Bild-
Korrelations-Spektroskopie (RICS) kombiniert, um die Translationsdynamik von Pro-
teinen und Lipiden gleichzeitig in mehreren Zellregionen kleiner einem Mikrometer zu
untersuchen. Dabei konnte durch eine sequentielle Aufnahme von mehreren Regionen
ein grofler Bereich abgedeckt werden. Dieses Verfahren setzt voraus, dass sich die Dy-
namik der Molekiile wahrend der Messung von einigen Minuten Dauer nicht dndert.

Bei einem Weitfeldmikroskop ist die Anzahl der Bildelemente durch den Kamera-
chip festgelegt. Folglich kann durch eine Verdnderung der Vergréferung des Objek-
tivs entweder ein grofler Bereich mit eingeschrankter rdumlicher Auflésung, oder ein
kleiner Bereich mit hoher Auflosung abgebildet werden. Unabhéngig von der Grofie
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des beobachteten Areals konnen mit aktuellen Flachendetektoren Bilder mit Videorate
aufgenommen werden. In dieser Arbeit wurde unter Ausnutzung von Totalreflexion ein
bestimmter Typ von Weitfeldmikroskop aufgebaut. Bei der Totalreflexionsmikroskopie
(TIRFM) ist die Eindringtiefe der evaneszenten Welle fiir die Anregung der Probe auf
etwa 100nm beschrankt. Bei Studien an der Zellmembran ist dies ein hervorragender
Ansatz um zytoplasmatische Hintergrundfluoreszenz zu unterdriicken. In Kombination
mit der Methode der Fluoreszenzerholung nach Photobleichen (FRAP) konnte damit die
schnelle Dynamik eines Steroidrezeptors (GR) an der Membran von lebenden Immun-
zellen untersucht werden.

Bei der hochauflésenden Lokalisationsmikroskopie muss die Grofle der Bildelemente
nicht verringert werden. Die Bestimmung der genauen Positionen der einzelnen Farb-
stoffe erfolgt erst nach der Aufnahme. Daher ist das Beobachtungsfeld bei der Lokali-
sationsmikroskopie nicht eingeschréankt. Auf der anderen Seite braucht es iiblicherweise
mehrere tausend Einzelbilder, um den Grofiteil der Marker einzufangen. Daher ist die
zeitliche Auflésung bei der Lokalisationsmikroskopie schlecht, und kann auch nur schwer-
lich durch eine Einschrankung des Beobachtungsfeldes verbessert werden. Falls die zu
untersuchenden Strukturen jedoch nur eine relativ langsame Dynamik aufweisen, ist
die hochauflésende Lokalisationsmikroskopie eine tiberragende Methode fiir die Bildge-
bung in lebenden Zellen. Mit Hilfe des optischen Schaltmechanismus von psRFP konnten
hochauflésende PALM Bilder der lamellenartigen Anordnung von Aktin um den Zellkern
aufgenommen werden. Weiterhin konnte mit PALM in zwei Farbkanélen der Einfluss
verschiedener Mutationen des Desmin-Gens auf die Ausbildung von Desmin-Filamenten
untersucht werden, welche sehr wichtig flir die Funktion des Herzmuskels sind.

Fluorophore und Fluoreszenzmarkierungen

In der Hochauflosungsmikroskopie kommt einem weiteren Aspekt eine grofie Bedeutung
zu. Die Beugungsgrenze wird nicht mit Hilfe optischer Elemente, sondern durch eine
nichtlineare Antwort der Marker selbst erreicht. Die STED oder RESOLFT Mikroskopie
beruht auf der Entvolkerung des fluoreszenten Zustands der Marker in einem Grofiteil
des Anregungsvolumens, was sich in tausenden von Schaltzyklen der einzelnen Marker
niederschlagt. Daher miissen die Farbstoffe iiber ein hohes Mafi an Resistenz gegen
Ermiidung durch Schalten verfiigen. Bei der Lokalisationsmikroskopie miissen die Marker
nur ein einziges Mal in einem fluoreszenten Zustand sein. Daher ist nur ein einziger
Schaltprozess notig. Allerdings hat hier die Zahl der emittierten Fluoreszenzphotonen
einen direkten Einfluss auf die Lokalisationsgenauigkeit und damit auf die Auflésung.
Bei der STED Mikroskopie hingegen gentigt prinzipiell die Detektion eines einzigen Flu-
oreszenzphotons. Des Weiteren ist bei der Hochauflosungsmikroskopie ein hoher Kon-
trast zwischen Dunkel- und Hellzustand vonnoten, um einzelne Marker innerhalb eines
groflen beugungsbegrenzten Volumens isolieren zu konnen. Diese Kriterien schrianken
die Auswahl der moglichen Marker fiir die Anwendung dieser Methoden ein.
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Organische Farbstoffe wie z.B. Atto647N sind extrem photostabil und werden da-
her bei der STED Mikroskopie bevorzugt eingesetzt. Zum Beispiel konnte durch eine
Anfarbung von IgE Antikorpern mit Atto647N die rdumliche Verteilung und Dynamik
des FceRI Rezeptors in der Membran von lebenden Mastzellen mit Hilfe von STED-RICS
bestimmt werden. Dagegen konnte der intrazelluldre Glucocorticoid Rezeptor bis jetzt
nur durch eine Fusion an GFP markiert werden. Verglichen mit den besten Farbstoffen,
weisen fluoreszente Proteine (FPs) nur eine geringe Photostabilidt auf. Auch sind die
spektralen Eigenschaften von GFP nicht ideal fiir die STED Mikroskopie. Die hohen In-
tensitaten des STED Strahls kurzer Wellenldnge, welche fiir eine effiziente Entvolkerung
des angeregten Zustands eines griin fluoreszierenden Markers notig sind, kénnen die
biologische Probe schadigen. In zukiinftigen Experimenten kénnten mit Hilfe von z.B.
SNAP-tags die Dynamik von GR oder anderen Proteinen gleichzeitig in mehreren Re-
gionen durch STED-RICS untersucht werden.

Dagegen funktioniert TIRFM mit jedem beliebigen Fluorophor. Fiir die Untersuchung
mit Totalreflexionsmikroskopie wére eine Fusion von GR mit einem photokonvertier-
baren FP wie mEosFP eine grofle Hilfe. Die Moglichkeit schnell zwischen TIRF und
Epi-Beleuchtung umzuschalten ermoglicht pulse-chase Experimente, um einen eventuell
moglichen Austausch zwischen membrangebundenem und zytoplasmatischem GR auf-
zudecken.

Bestimmte Eigenschaften von Markern kénnen auch fiir biologische Studien ausgenutzt
werden. Stabil exprimiert bindet der tetramere Marker psRFP nach einer Fusion an
Lifeact nur an solches Aktin, welches den Zellkern umlagert. Mit Hilfe des optischen
Schaltmechanismus von psRFP konnten hochauflésende PALM Bilder der lamellenar-
tigen Anordnung von Aktin um den Zellkern aufgenommen werden. Diese Methode
der spezifischen Markierung von Subpopulationen bestimmter Proteine iiber sterische
Behinderung konnte durch eine Entwicklung von Markern verschiedener Grofien weiter
verfeinert werden.

Schliellich konnte mit PALM in zwei Farbkanélen der Einfluss verschiedener Muta-
tionen des Desmin-Gens auf die Ausbildung von Desmin-Filamenten untersucht werden,
welche sehr wichtig fiir die Funktion des Herzmuskels sind. Durch Kamera-Belichtungs-
zeiten von lediglich 3 ms konnten PALM Bilder in weniger als einer Minute aufgenom-
men werden. Um diese Methode weiter zu optimieren, sind neue paFP mit anderen
Anregungs-/Emissionsspektren nétig. Denn durch eine parallele Aufnahme von bei-
den Farbkanilen konnte die Aufnahmegeschwindigkeit weiter gesteigert werden und
Zwei-Farben-PALM zu einer Standardmethode in der Untersuchung von Zellproben zu
machen.

Die in den letzten Jahren aufgekommene hochauflosende Fluoreszenzmikroskopie hat
schon jetzt viel dazu beigetragen fundamentale biologische Fragestellungen zu beant-
worten. Um die Moglichkeiten dieser Methoden vollstandig nutzen zu kénnen, miissen
allerdings noch neue Marker und Methoden der Markierung entwickelt werden. So er-
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lauben z.B. SNAP- und CLIP-tags bereits den Einsatz von organischen Farbstoffen und
Nanopartikeln innerhalb lebender Zellen. Auch werden grofie Anstrengungen unternom-
men, um fluoreszente Proteine in Hinblick auf ihre photophysikalischen Eigenschaften
zu optimieren, so dass diese dhnlich hell und photostabil wie organische Farbstoffe sind.
Damit scheint die Entwicklung von Fluoreszenzmikroskopie mit annahernd molekularer
Auflésung innerhalb der Reichweite der néachsten Jahrzehnte.
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APD
ARVC
ATP

BSA
BY-2

CCD
CwW

DAC
DEX
DIC
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DMSO
DNP
DOPC
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DPPE
DRM

EM
EMCCD
ER
Erk

F-actin
FBS
FCS
FLIM
FP
FPALM

actin-binding protein.

actin filament.

atomic force microscopy.

acousto optic tunable filter.

avalanche photodiode.

arrhythmogenic right ventricular cardiomyopathy.
adenosine triphosphate.

bovine serum albumin.
Nicotiana tabacum L. cv. Bright Yellow 2.

charge coupled device.
continuous wave.

digital-to-analog converter.
dexamethasone.

differential interference contrast.
Dulbecco’s modified Eagle’s medium.
dimethyl sulfoxide.

dinitrophenole.
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electron microscopy.
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extracellular signal-regulated kinase.
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fetal bovine serum.

fluorescence correlation spectroscopy.
fluorescence lifetime imaging.
fluorescent protein.

fluorescence photoactivation localization microscopy.
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FRAP
FRET
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GC
GFP
Glu
GR
GRE
GUV

HDMEM

HEPES
His
HSA
HSP90

IF
Igk
IP3
IR

LAT
LB
LP

MMF
MRI
MS

NA
NSOM

ocT
0OD600

paFP
PALM
PBS
PCR
PET
Phe
PKC

fluorescence recovery after photobleaching.
Foerster resonance energy transfer.
full width at half maximum.

glucocorticoid.

green fluorescent protein.
glutamic acid.

glucocorticoid receptor.
glucocorticoid response element.
giant unilamellar vesicle.

HEPES-buffered  Dulbecco’s modified Eagle’s
medium.
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
histidine.

human serum albumin.

heat shock protein 90.

intermediate filament.
immunoglobulin E.
inositol 1,4,5-triphosphate.
infrared.

linker for activation of T cells.
lysogeny broth.
longpass.

multi mode fiber.
magnetic resonance imaging.
Murashige & Skoog.

numerical aperture.
near-field scanning optical microscopy.

optical coherence tomography.
optical density at 600 nm.

photoactivatable fluorescent protein.
photoactivated localization microscopy.
phosphate buffered saline.

polymerase chain reaction.
positron-emission tomography.
phenylalanine.

protein kinase C.



PMT
PP
PSD
PSF
psRFP

QD

RBL
RESOLFT
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SMF
SOFI
SP
SPIM
STED
STORM

TCSPC
Ti:Sa
TIRF
TIRFM

ULF
[SAY

wt

XTC

Acronyms

photomultiplier.

phase plate.

position sensing photodiode.

point spread function.

photoswitchable red fluorescent protein.

quantum dot.

rat basophil leukemia.
reversible saturable optical fluorescence transitions.
raster image correlation spectroscopy.

single-mode fiber.

superresolution optical fluctuation imaging.
shortpass.

selective plane illumination microscopy.
stimulated emission depletion.

stochastic optical reconstruction microscopy.

time-correlated single photon counting.
sapphire doped with titanium.
total internal reflection.

total internal reflection microscopy.

unit-length filament.
ultra violet.

wild type.

Xenopus tissue culture.
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