Univerzita Karlova v Praze, Prirodovédecka fakulta
Katedra Biochemie

Charles University in Prague, Faculty of Science
Biochemistry Department

Doktorsky studijni program: Biochemie
Ph.D. study program: Biochemistry

Autoreferat disertacni prace
Summary of the Ph.D. Thesis

X =,
el -.-'.—,.._f.'a i F
A AR
“aug SN

Studium modelovych membran, proteinil a protein-membranovych interakci
pomoci riiznych fluorescen¢nich technik

The Study of Membrane Model Systems, Proteins and Protein-Membrane
Interactions Using Various Fluorescence Techniques

Martin Stefl

Skolitel/Supervisor: Prof. RNDr. Jifi Hudeéek, CSc.
Skolitel-konzultant/Supervisor-consultant: Prof. Dr. Martin Hof, DSc.

Praha, 2012






Table of Contents/Obsah

YN 0] 1 2Tt A USSP PPPRRRPPPPR 2
ADSEIAKL. ...t 3
INEEOAUCTION. ...ttt et e e 4
ATMS OF the STUAY .....eeiiiiiiiiieee e 5
Materials and Methods..........cocooiiiiiiiiiii e 6
Results and DISCUSSION. .......coiuiiiiiiiiiiiiiiie ettt e 8
QUESTION NNO i et e et e e e e et e e e e eeaaaeeeeearaeeeesanseeeeennsaneees 8
Characterization of the excited state processes using phasor plot approach..................... 8
Phasor plot monitors proteins conformation, protein-ligand binding and protein kinetics
......................................................................................................................................... 10
QUESTION INO ittt e e et e e e ettt e e e e e taeeeeeestaseeeeasseeeeassaeeeeassseeeeennnnns 11
Conceptual limitations in energy transfer for membrane nanodomain size and surface
area determination revealed by molecular dynamics..........cccecvervieiienieeiiienieeieeeee e 11
Characterization of nanodomain structures in terms of mechanism of formation and
SIZES TN GUVS..iiiiieeee ettt ettt ettt ettt e e et e e ebeee e e 13
QUESHION INO. 3.ttt e e et e e et e e b e e eabeeetaeesssaeessseesssaaessseeeasseeansseeeeaannns 15
Characterization of prothrombin interaction with negatively charged model membranes
......................................................................................................................................... 15
CONCIUSION. ...ttt ettt et e st e sttt e e s eabeeeeeeaas 17
UIVOU. ittt 18
CILE STUAIE. ...ttt ettt e st e et e e e eebaeeeeenas 19
Materidly @ MEtOAY......coooueieiiieiiiieie e 20
Vysledky @ diSKUSE........ooeeiiiiiiiiiee ettt e erra e e e e 22
OtAZKA CISIO Lttt sttt st e b e st e e et eeeenneeas 22
Charakterizace procesti spojenych s excitovanymi stavy pomoci fazorové analyzy.......22
Féazorové analyza jako metoda k monitorovani konformace proteint, interakci mezi
proteiny a ligandy a Kinetiky proteintl............ccceereeeriierieniiienieeieeseeereesieesereeeseree e 24
OtAZKA CISIO 2:eneiee ettt st ettt et e st e e et e e enneeas 25
Molekulova dynamika ukazuje koncep¢ni limitace pti ur€ovani velikosti nanodomén v
membranach pomoci metody prenosSu ENETEIC.......cuuieeveeeriieeeieeeieeeieeeeeeireeee e e 25
Charakterizace velikosti a mechanismu vzniku membranovych nanodomén v GUVs...26
OtAZKA CISIO 3.t ettt ettt et e et e e e e e nneeas 29
Charakterizace interakce proteinu prothrombinu s negativné nabitymi modelovymi
1001530013 ¥ 13111 EO OO SP PRSP 29
ZAVET ettt e e e e e e et e e e e et a e e e e e et ——— e e e e e e atbaaee e e e ttraaeeaaaaaaaaannnnnen 31
References/Seznam pouzZite Iteratury.........ccueeeevuieeeriiieeeriee e e 32
Curriculum VItaC.....ccuiiiiiiiiiiiiie et e 33
List of Publications Related to the Thesis/Seznam publikaci pouzitych v
QISETtACTIT PIACT.....uviieeeiiiie ettt ettt et e ettt e e ettt e e e et e e e aaeeeenaaeeesssaaeeesraaeeeannns 36
Other Publications/Ostatni publiKace............ccceeeecviiieiiiiieeiiee e 36



Abstract

Membrane rafts (also referred as nanodomains) are membrane structures responsible
for many cell processes. Their characterization is challenging because of the transparency,
dynamics and small size of those structures. Moreover, high variability of cells makes their
study even more complicated. In order to simplify the studies of membrane processes
including the formation of those rafts often model membranes like Giant Unilamellar Vesicles
(GUVs) and Supported Phospholipid Bilayers (SPBs) are used. In this Thesis new fluorescent
tools for studying such membrane processed were developed, tested, or improved.

Specifically, the phasor plot an approach applicable to the analysis of the fluorescence
lifetime data, was theoretically and experimentally tested and afterwards applied to the
characterization of the membrane nanodomains in GUVs. First, we introduced the phasor
plots to the excitation state processes like solvent relaxation and Forster resonance energy
transfer (FRET) in lipid vesicles. We also employed the phasor plots in protein-ligand
interaction, protein folding and denaturation studies. Finally, the phasor plot analysis of FRET
data in combination with Fluorescence Correlation Spectroscopy (FCS) was used in
characterization of membrane nanodomains in terms of the size, mobility and mechanisms of
formation. We succeeded for the first time to determine the size and dynamics of
nanodomains in GUVs smaller than 20 nm in radius. Our findings allowed us to make general
conclusion on the mechanism of raft formation. The lateral diffusion on SPBs of a weakly
bound blood coagulation protein was the second membrane process being studied. By
developing a 2-color z-scan FCS approach using pulsed interleaved excitation, we were able
to simultaneously characterize this protein diffusion and lipid diffusion. Although the protein
diffusion is about two times slower that the lipid diffusion, the lipid composition and protein

concentration dependencies suggest that both processes are to some extend coupled.



Abstrakt

Membranové rafty (také casto uvadény jako nanodomény) jsou membranové struktury,
které jsou zodpovédné za spoustu bunéénych procest. Jejich charakterizace je velice slozita,
protoze nanodomény jsou opticky pruhledné, jejich velikost je pod rozliSenim optickych
mikroskopli a dynamika je velikd. Navic vysoka riznorodost bunék jest¢ vice komplikuje
jejich studium. Pro zjednoduseni bunék jsou velice Casto pouzivany membranové modelové
systémy jako obrovské unilamelédrni vezikuly (GUVs) nebo podporované fosfolipidoveé
dvojvrstvy (SPBs). V mé disertacni praci byly vyvinuty, testovany a vylepSovany ruzné
fluorescencni techniky ke studiu t€chto membranovych domén v modelovych systémech.

Fézorova analyza, metoda pro analyzu dat dob dohasinani fluorescence, byla
teoreticky a experimentalné testovana a nasledné pouzita k charakterizaci membranovych
nanodomén v GUVs. Nejdiive jsme vyuZili fdzorovou analyzu v lipidovych vezikulech ke
studiu procest excitovanych stavi, jako je jev relaxace rozpoustédla a Forsterv rezonan¢ni
ptenos energie (FRET). Ddle jsme aplikovali fazorovou analyzu k charakterizaci interakci
mezi proteiny a ligandy, ke studiu sbalovani a denaturace proteinti. Nakonec jsme pouzili
fazorovou analyzu dat z FRET v kombinaci s fluorescencni korelacni spektroskopii (FCS) k
charakterizaci membranovych nanodomén z hlediska velikosti, mobility a mechanismu
tvorby. Jako prvni jsme uspéli v urCovani velikosti a dynamiky nanodomén v GUVs, které
jsou mensi nez je rozliSeni optického mikroskopu. Z naSich poznatki jsme nakonec byli
schopni ud¢lat obecné zavéry ohledné¢ mechanismu tvorby nanodomén. Lateralni diftize slabé
vazanych proteinti koagulaéni kaskady na podporovanych membranach byla druhym
membranovym procesem, ktery jsme studovali. Vyvinuli jsme metodu z-scan FCS v
dvoubarevném v alternaénim modu excitace, pomoci které jsme byli schopni soucasné
charakterizovat laterdlni difuzi proteinu a lipidu. Ackoliv diftize proteinu je dvakrat pomalejsi
ve srovnani s lipidy v membrané, koncentracni zavislosti ukazuji jistou spojitost téchto dvou

difuznich procesu.



Introduction

Biological membranes play a crucial role in living organisms. Their function is very
broad and heterogeneous and is closely related to the structure organization and molecular
composition. The membranes are responsible for maintaining of non-equilibrium state
between inner and outer space of the cell as well as ion, energy, information and metabolites
transport between intracellular and extracellular environment. In living cells, biological
membrane is organized to the phospholipid bilayer composed of two leaflets in which
hydrophobic lipid acyl chains are oriented towards the centre of the bilayer and hydrophilic
headgroups are exposed to the cytosol or extracellular matrix. Biological membranes are not
composed only of lipids, but also many proteins are associated with them and form protein-
lipid complexes, membrane channels and membrane receptors. In 1972, Singer and Nicolson
[1] published their famous work about membrane organization principle which described the
membrane as lipid bilayer with significant amount of proteins associated with the membrane.
They also stated that the proteins are moving freely in the membrane. Later on Simons et al.
[2] came up with the idea of membrane rafts, rigid lipid structures in the membrane which
serve as a support for selected proteins to help them fulfil their role and function. They also
found out that membrane rafts are cholesterol and sphingolipid dependent structures with
sizes lower than resolution of optical microscopes (< 200nm). According to the authors,
membrane rafts were stable structures with low dynamics. It was few years later when
membrane rafts started to be interpreted as membrane structures/domains with high dynamics
[3].

In order to answer basic questions about membrane organization principle, the
knowledge about influence and role of individual lipids is highly important. However,
biological membranes are very complex systems with extreme number of variables and, thus,
the quantification of cell processes is very complicated. For this reason, simplification using
model membrane systems like Giant Unilamellar Vesicles (GUVs) [4] and Supported
Phospholipid Bilayers (SPBs) have been developed. SPBs are model membranes attached to
the solid support, which gives them an advantage of simple preparation and handling,
however, the solid support has an impact on the mobility of the membrane and the formation
of raft-like (ordered) domains. In contrary, GUVs are free standing model membranes with
sizes similar to the living cells. They are also highly suitable to the phase separation studies.

Fluorescence techniques are very useful tools in the biological studies because of their

high sensitivity, selectivity and non-invasiveness. For the determination of membrane



dynamics (lateral mobility, rigidity, binding), fluorescence correlation or tracking methods are
often used (FCS, SPT, RICS) [5-7]. The fluorescence lifetime is very sensitive to the
microenvironment around the fluorophore, thus, it brings insights to the local polarity,
viscosity or heterogeneity. Moreover, the donor/acceptor energy transfer methods (usually
monitored by fluorescence lifetime) provide valuable information about relative distances
between the donor and the acceptor molecules, which can be related to the protein
conformation, protein-ligand binding or, as in our case, to the sizes of membrane
nonostructures.

In my Thesis, I will be focused on fluorescence techniques (Steady-state Fluorometry,
Fluorescence Correlation Spectroscopy, Fluorescence Lifetime Imaging Microscopy, Forster
Resonance Energy Transfer, Harmonic Response Lifetime Fluorimetry), which provide the
information about the membranes, membrane-protein interactions as well as proteins. More
specifically, I was interested in developing phasor plots as a very simple analytical tool in the
fluorescence lifetime measurements. I introduced the phasor plots to protein and membrane
biochemistry showing examples of possible use. Next, I used the FCS and FLIM-FRET
combined with the phasor plot analysis to characterize membrane nanodomains in terms of
the mechanism of formation and sizes. I also discuss protein-lipid or protein-membrane

interactions.

Aims of the study

The aim of this work was to contribute to better understanding of the role of lipids in
membrane organization and membrane-protein interactions by means of fluorescence
techniques (mainly fluorescence microscopy techniques). More specifically, my work was
focused on developing of fluorescence methods applicable to the model membranes, and
mainly on using of such methods to characterize membrane dynamics, influence of individual
lipids on the membrane organization and to the study of protein-lipid interaction and their
interplay. For simplicity, this work is structured into three main parts according to the
questions | wanted to answer:

1) Is phasor plot analysis of fluorescence lifetime data applicable to model membrane
organization and protein conformation studies? Does phasor plot analysis bring new
insights into biochemistry of proteins and lipid membranes?

2) Inrelation to the membrane rafts, using our basic fluorescence techniques are we able
to monitor and characterize membrane nanodomains in GUVs? If so, can we say

anything about the formation of such domains and make any general conclusion?



3) Related to the protein-lipid interactions, is FCS good tool in description of dynamics
of weakly bound peripheral proteins?

Materials and Methods

All the lipids used in my Thesis were purchased from Avanti Polar Lipids (AL, USA),
the fluorescent dyes were purchased from Invitrogen (CA, USA), most of the chemicals and
some proteins were obtained from Sigma (MO, USA). The bovine prothrombin was obtained
from Synapse BV (Maastricht, The Netherlands), thrombin and antithrombin III were
purchased from Hematologic Technologies (VT, USA).

The SPBs were prepared by spreading of small unilamellar vesicles on freshly cleaned
mica surface. The mica was attached to a holder 200um above the bottom of the cuvette [8].
The GUVs were prepared by gentle hydration method described elsewhere [9] and
immobilized to the glass surface using streptavidin-biotin binding. All the measurements were
performed on the top of each GUV.

The bovine prothrombin was labelled by Alexa 633 dye through the NH2 amino acid
residues according to the standard labelling protocol. Labelled protein was purified from the
free dye using gel size-exclusion chromatography using Sephadex G-25 and the concentration
of the labelled protein was determined using the absorption spectrometry.

There are two basic methods used in the fluorescence lifetime determination, time-
domain and frequency domain, respectively. In the time domain, a time the photon takes to be
emitted is recorded and the lifetime of such event is subsequently determined (using fitting
procedure). On the other hand, in the frequency domain is the fluorophore excited using
sinusoidally modulated light and the difference between phase and modulation of excited and
emitted light is recorded. The fluorescence lifetime is determined using the fitting procedure
as well.

The principle of the fluorescence lifetime imaging microscopy is in pixel by pixel
scanning of studied sample. In every pixel of the image is determined the lifetime
information. A resulted image contains not only the information about the fluorescence
intensity, but also the map of fluorescence lifetimes spatially related to the studied material.
Such map of images can provide valuable information about local environment of the
fluorophore as already discussed in the Introduction.

The phasor plot is a new analytical approach used in the fluorescence lifetime analysis
[10; 11]. Since fitting procedure is not needed, it is an artefact-free method. In principle, the

phasor plot is a graphical representation of the fluorescence lifetime data and, thus, the



differences between different samples can be easily recognized and analysed. In the phasor

plot are the lifetime data transformed to G and S functions according to:
e f: I(t)cos(wt)dt
[ 1(0)ae
o f: I(t)sin(wi)dt
[ 1(t)at

where I(2) is the fluorescence intensity in time 7 and @ corresponds to w=2T f | where f

can be repetition frequency of the laser or any other frequency. The values for G and S
functions are plotted to the Cartesian coordinates. Single-exponential lifetimes create so called
universal circle with the centre at [0.5, 0] and any other multi-exponential lifetimes or the
mixture of two single-exponentials falls inside the circle. Moreover, the mixture of two single
exponentials is located on the connecting line between the positions of the individual single-
exponentials.

The Forster resonance energy transfer takes an advantage from the overlap between the
emission spectra of the donor and the absorption spectra of the acceptor. In the case of an
overlap, a part of the energy of the donor is used for the excitation of the acceptor. The loss of
the donor energy is accompanied by a decrease in the fluorescence intensity or a shortening of
the fluorescence lifetime. The efficiency of the energy transfer (changes in the fluorescence
lifetime) is mainly dependent on the distance between the donor and the acceptor molecules,
and is often used in structural biochemistry and biology.

The fluorescence correlation spectroscopy is based on the observation of fluorescence
intensity fluctuations in a very small detection volume (confocal microscopy). Recorded
signal is correlated and resulted autocorrelation function is analysed using an appropriate
mathematical model (2D, 3D, 2D3D diffusion models). Parameters of interest are mainly a
diffusion time (the time a molecule spends in the detection volume) and a number of
fluorescence particles in the detection volume (note that from the principle of the method can
be in the detection volume only 1-10 particles at once). The values of diffusion times are

closely related to the diffusion coefficients.



Results and Discussion

Question No 1:
Is phasor plot analysis of lifetime data applicable to model membrane

organization and protein conformation studies? Does phasor plot analysis bring

new insights into biochemistry of proteins and lipid membranes?

Characterization of the excited state processes using phasor plot approach

The purpose of this contribution was to develop a method that could be used to study
mixtures of fluorophores for analytical purposes, that is, to be able to facilely compare
different mixtures in such a way that differences in the fluorophore composition would be
readily apparent. A mixture of two monoexponential fluorophores with different fluorescence
lifetimes, or a fluorophore characterized by a multiexponential decay, will produce a phasor
point within the universal circle, indicating lifetime heterogeneity. The theoretical basis of the
phasor plot analysis indicates that this measured phasor point will be located on a line
between the points of the individual fluorophores or single-exponential components.
Therefore, when three dyes are combined in solution, the resulting phasor point should be
found constrained within a triangle that has vertices defined by the location of the phasor of
the individual dyes. Binary and tertiary fluorophore mixtures were studied using fluorophores
in ethanol with widely separated lifetimes, namely DENS (fluorescence lifetime T = 29.9 ns),
IAEDANS (T = 5.3 ns), and Rhodamine B (T = 1.7 ns). We show the phasor data of each
individual fluorophore, solutions containing a mixture of two dyes (DENS/IAEDANS,
DENS/Rhodamine B, and IJAEDANS/Rhodamine B), and a mixture of all three dyes. As
expected, the individual fluorophore’s phasor points are located along the universal circle,
whereas the phasor points corresponding to mixtures of any two dyes fall on a line between
the points on the universal circle corresponding to the individual dyes. For the mixture of the
three dyes, the phasor point is located within the triangle defined by the three dual fluorophore
mixture lines.

We have also employed phasor plot analysis in the excited state processes like Forster
resonance energy transfer and dipolar solvent relaxation, respectively. In the case of dipolar
solvent relaxation the excitation changes the dipole moment of the fluorophore resulting in the
reorganization of solvent molecules in the vicinity of the dye. The reorganization rate
(between so called non-relaxed to relaxed state) depends on the rigidity of environment and

non-covalent interactions and is valuable quantity in membrane or protein characterization.



Because the phase delay of the emission of relaxed state (in solvent relaxation) or acceptor's
lifetime after energy transfer (in FRET) is increased in comparison to non-relaxed or non-
transferred state, those processes can fall in phasor plot outside the universal circle.

Figure 1, left is an example of the energy transfer in EGFP and shows the phasor
points associated with the visible emission (>525 nm) from EGFP, excited with both visible
(471 nm) and ultraviolet (UV, 280 nm) excitation, as a function of modulation frequency (16—
300 MHz). As is evident for the phasor plot, 471 nm excitation results in phasor points
corresponding to single-exponential decays; that is, the points are all on the universal circle.
On the other hand, 280 nm excitation, which will directly excite the single tryptophan residue
(as well as the tyrosine residues) in addition to some direct excitation of the EGFP
chromophore, results in phasor points that are all outside of the universal circle. Hence,
although some of the visible chromophores may be directly excited at 280 nm, there is enough

tryptophan-to-chromophore energy transfer to move the phasor point outside of the universal

circle.
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Figure 1 Left: Decay data of EGFP excited at 471nm and 280nm, emission was recorded at 500nm and higher.
All of the data recorded with 280nm excitation fall outside the universal circle, an indication of an excited state
process. Right: LAURDAN in DMPC vesicles. Circles and triangles represent data collected for temperatures
between 5°C and 55°C with 5°C interval. Excited at 375nm; emission was viewed through 420-nm (circles) and
470-nm (triangles) longpass filters.

Similarly, inspection of the temperature dependence (from 5°C to 55°C) of the
LAURDAN/DMPC vesicles' phasor plot shows that the phasor points corresponding to data
collected using the 470-nm filter are completely outside of the universal circle, indicative of a
dipolar solvent relaxation mechanism (Fig. 1, right). When the entire LAURDAN emission is
collected using the 420-nm longpass filter, the phasor points lay along or very close to the
universal circle, indicating that the non-relaxed emission dominates the observed decay.
Using the 470-nm longpass filter, the collected emission is weighted primarily from the

molecules that undergo dipolar relaxation and the location of the phasor points outside of the



universal circle is more pronounced. However, the points above 25°C show a clear trend
above the universal circle, indicating the presence of an excited state event.

In conclusion, we have demonstrated that the extension of the phasor method from
FLIM to cuvette measurements provides a method that complements other approaches and
that, in some cases, provides insights that would otherwise be difficult to obtain. In particular,
the method allows facile analysis of sample heterogeneity and ready identification of excited

state processes such as dipolar relaxation and FRET.

Phasor plot monitors proteins conformation, protein-ligand binding and protein
kinetics

In this paper mainly intrinsic fluorescence of tryphtophane has been used to
characterize proteins such as lysozyme, dynamin 2, human serum albumin and human serum
transferrin. The changes in protein conformations were explored by quenching and
temperature studies and analyzed using the phasor plot. Briefly, the fluorescence quencher
acrylamide rapidly decreases fluorescence lifetime of the protein lysozyme in dependence on
the quencher concentration suggesting changes in the protein folding. The temperature
experiments revealed two steps in lysozyme denaturation. At 40°C, the decreasing trend of
lifetime heterogeneity is stopped which, according to the literature, corresponds to the
reversible unfolding of the protein. At 70°C, the lifetime heterogeneity starts to increase
indicating crossing of barrier where protein unfolding starts to be irreversible.

We show a set of data (acquired with 280 nm excitation) for thrombin, antithrombin,
lysozyme, and mixtures therein. Antithrombin and lysozyme are not predicted to interact,
therefore a solution containing the two proteins should produce a phasor point that falls
directly on a line between their individual points (see Materials and Methods). This outcome
is clearly observed for the phasor plot of a 1:1 mixture of the two proteins. On the other hand,
thrombin/antithrombin is known to form a tight complex and may be expected to produce a
distinct phasor point away from the linear combination. The phasor point of the
thrombin/antithrombin (1:1) indeed shifts inward away from the line connecting the points
corresponding to the two pure proteins, indicating a change in intrinsic fluorescence on
protein interaction. This demonstration shows how phasor plots can provide a facile indication
of protein interaction.

Protein denaturation mechanisms are a hot topic in protein science, however their
studies are very complicated. Typical protein denaturants such as the urea or the guanidin

hydrochloride (GdHCI) are often used in the protein unfolding studies. We have monitored
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intrinsic fluorescence of the lysozyme when urea and GdHCI were stepwise added to the
solution (Fig. 2). The sequence of denaturants concentrations was like follows; 0 M, 1 M, 2
M and 6/8 M GdHCI and urea, respectively. Initial additions of denaturants cause similar
changes, however higher concentration of urea or GAHCI follows totally different directions.

The final points in phasor plot are dramatically different indicating unique unfolded forms of
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Figure 2 Denaturation studies of lysozyme were analyzed by phasor plot. Concentrations of denaturants were 0
M (closed circles), 1 M (opened circles), 2 M (opened triangles) and 6/8 M (closed triangles).

In this article, we have described the application of the phasor method to time-resolved
studies on intrinsic protein fluorescence. Using this approach, the complex decay of protein
fluorescence, due to either multiple emitting tryptophan residues or excited state reactions
such as tyrosine-to-tryptophan energy transfer, can be reduced to a single point on a phasor
plot. Activities such as ligand or protein binding and protein denaturation, which result in
changes in the microenvironment of the tryptophan residue(s), lead to movements of the
phasor point. The trajectory of the phasor point in response to a physical or chemical

perturbation can be followed to provide insights into the processes under investigation.

Question No 2:
Can we monitor and characterize membrane nanodomains in GUVs? If so, can

we say anything about the formation of such domains and make any general
conclusions?

Conceptual limitations in energy transfer for membrane nanodomain size and surface
area determination revealed by molecular dynamics

Forster resonance energy transfer is often employed in characterization of membrane

nanodomains, also due to the fact that FRET can report on nanodomains even if they are
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formed transiently. The size determination of these nanodomains by FRET requires
knowledge about partitioning of donors (D) and acceptors (A) between nanodomains and the
remaining liquid-disordered (L4) bilayer. In this work we mainly discuss the partition
coefficients of individual fluorophores between liquid ordered and disordered phases in model
membranes and their relation to the domain size determination by FRET. There are three
possible cases; ) both dyes are located in L, nanodomains, II) D/A pairs are excluded from
nanodomains and III) donor and acceptor have increased affinity to different phases. By
means of molecular dynamics we have calculated the probabilities of the ability to detect
membrane domains and related them to the domains' sizes and domains' surface area. The
probability is expressed by the ratio of steady-state intensity obtained from donors (Fg) to the
intensity of donors when D/A pairs are distributed uniformly in the bilayer (Fq4(uni)). Note that
ratio higher than 1.2 is suitable for membrane size and area determination. Although first two
cases seem to be most useful in the energy transfer studies, we have revealed that relevant
results can be obtained only when distribution constants K4 and K, (defined as Ki=[i].o/[1]L4,
i=D or A) are both higher than 5 (case I) or lower than 0.01 (case II), respectively. However,
we found out that the case III is ideal in membrane characteristic studies, especially when Kq>
3 and K,<0.01.

We also discuss four FRET pairs (which we found in the literature) and their real use
in nanodomain characterization. The FRET pairs were,

1 NBD-PE/Rhodamine-PE with Ky= 4.3, K= 0.37 and Ry~ 5 nm [12],

) BODIPY -PC/fast-Dil with Kq= 0.1, K,= 0.1 and Ry~ 6.5 nm [13],

[11)  AlexaFluor 647 choleratoxin subunit B/DiD with Kq= 11 (6), Ka= 0.004 and
Ro~ 5.4 nm, and,

V)  Perylene/fast-Dil with Ky= 0.8 (3), Ka=0.01 and Ry~ 5 nm [14].
All the FRET pairs were examined in systems with different lipid compositions which
explains small discrepancies in distribution coefficients. According to our simulations, best
FRET pair was Alexa Fluor 647 cholera toxin subunit B/DiD followed by Perylene/fast-Dil,
especially when Ky = 3 was used in calculations. Unfortunately obvious disadvantage of the
cholera toxin is its cross-linking ability, which changes the local lipid composition in the
membrane as reported by Hammond et al. [14].
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Characterization of nanodomain structures in terms of mechanism of formation and
sizes in GUVs

Changes of membrane organization upon cross-linking of its components trigger cell
signaling response to various exogenous factors. Cross-linking of raft gangliosides GM1 with
cholera toxin (CtxB) was demonstrated to cause microscopic phase separation in model
membranes and the CtxB-GM1 complexes forming a minimal lipid raft unit are subject of
ongoing cell membrane research. Direct observation of such nano-scaled heterogeneities in
plasma membrane by means of optical microscopy fails either due to its poor resolution, or
anticipated transient character of rafts. From these reasons, those subdiffraction sized rafts
have never been described in terms of size and dynamics. In this work, we aimed to
investigate early stages of the CtxB induced phase separation in model membranes (GUV'S)
composed of Sph/DOPC/Choal, e.g. formation, size and dynamic properties of nanodomains
by means of z-scan FCS and FLIM-FRET.

The lipid compositions mostly investigated in this research are very close to the
microscopic phase coexistence boundary and are summarized in Table 1. The cross-linker
CtxB was added in two steps, here presented as the low |loading and the high loading (marked
with apostrophe, eg. B and B'). We should stress out that under our conditions the
micrometer sized domains (optically resolvable) were not observed in both, composition B
and C. These microdomains were not seen even at high CtxB loading too. We show results
from CtxB-Alexab47 measured by z-scan FCS and analyzed by the Wawrezinieck's apparent
diffusion law [15]. We also performed FLIM-FRET measurements of energy transfer from
CtxB-Alexa488 (donor) to DID (acceptor), a lipid tracer preferentialy residing in L4 phase,
and monitored by phasor plot approach the changes in a fluorescence decay histogram of the
donor.

Table 1 Molar fractions of lipidsin GUV lipid composition discussed in this work

DOPC Sph Chol DOPG GM1
A 0.68 0 0.25 0.05 0.02
B 0.49 0.19 0.25 0.05 0.02
C 0.44 0.24 0.25 0.05 0.02

Composition A is a Sph free lipid mixture which serves as a blank experiment (no
lipid segregation occurs). Diffusion behavior of the CtxB is independent on its load and the

apparent diffusion law suggests free diffusion (no intercept) for the cross-linker molecules.

13



FLIM-FRET results show the maximal energy transfer suggesting homogeneous distribution
of the donors and the acceptors molecules in the membrane.

Compositions' B and B' diffusion behavior significantly differs from Sph free
system. First, this composition is dependent on the cross-linker load and, second, the apparent
diffusion law for high loads shows a significant positive temporal offset suggesting the
presence of a nanometer sized domains in which the diffusion is considerably slowed down.
Moreover, decreased efficiency of the energy transfer in composition B in comparison to
composition A indicates the separation of the donor and the acceptor molecules and, thus, the
presence of the domains. This effect was even more pronounced when high load of CtxB was
added implying the enlargement of the domains (Fig. 3). The analytical Baumann and Fayer
model [16] was applied on fluorescent lifetime decays of the donor providing a mean domain
radius. We have determined that the average domain radius in the compositions B and B' is 5
nm and 8 nm, respectively.

Composition C dramatically differs from composition B in three aspects; 1) no
concentration dependence of the cross-linker loading was observed, 2) although it contains
higher amount of Sph compared to composition B, the CtxB-Alexa647 transition time was
slower than in B' but longer in comparison to B and 3) the temporal offset in the apparent
diffusion law is significantly lower (or even equal to 0) when compared to B'. The high
decrease of the efficiency of the energy transfer suggests large domains and Baumann and
Fayer model confirms those hypotheses when determining the radius of the domains (R=24

nm).

Figure 3 Lower part: Phasor plot analysis of fluorescence donor's lifetime (CtxB-488) influenced by energy
transfer. Upper part: Intensity images of GUV's measured at lower and higher CtxB-488 loading. Note that even
at higher loading no visual phase separation is observable.
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In conclusion we have found two different types of subwavelength domains. Since in
B, the diffusion character changes at increased cross-linker load, we propose that these
nanodomains are transiently constituted upon collision of CTxB-GM1 complexes. In B the
domain formation is therefore initiated exclusively by the cross-linker and consequently
stabilized by Sph. In contrast, our data indicate that small lipid domains are formed in the
composition C already before the cross-linker is added and their existence is attributed mainly
to lipid-lipid interactions. We hypothesize that the addition of the cross-linker induces further
coalescence into larger membrane assemblies that eventually leads to microscopic phase

separation.

Question No. 3
Related to the protein-lipid interactions, is FCS a good tool in description of

dynamics of weakly bound peripheral proteins?

Characterization of prothrombin interaction with negatively charged model
membranes

Several enzymatic processes involving proteins containing y-carboxyglutamic acid
residues require the association of those proteins with negatively charged membrane surfaces.
As a paradigm for such processes serves the membrane binding of the blood coagulation
protein prothrombin followed by lateral diffusion to the prothrombinase enzyme complex.
Since those proteins are only weakly binding to relevant membrane surfaces (apparent
equilibrium dissociation constants Ky are in the puM range), at physiological protein
concentrations there is a considerable amount of unbound protein and, thus, the lateral protein
diffusion coefficients are difficult to access. We show that z-scan FCS is a simple method for
the determination of 2D diffusion coefficients of those weakly bound proteins. Moreover,
together with pulsed interleaved excitation (PIE) we are able to simultaneously monitor lipid
and protein diffusion and thus obtain direct information on possible coupling of both diffusion
processes. Specifically, we investigated the calcium-dependent binding of Alexa633 labeled
bovine prothrombin (BP) to SPBs composed of DOPC and DOPS. The SPBs of different lipid
composition were labeled by DOPE-Atto488.

Comparison of lateral diffusion coefficients (D) values for BP and lipids shows that
BP diffuses significantly slower. However, BP and lipid diffusion display qualitatively the

same trends suggesting that both lateral diffusion processes are strongly related with each
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other. At low (10 %) DOPS content and low BP concentration the difference between protein

and lipid diffusion is considerably smaller than at higher DOPS contents.
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Figure 4 Dependence of BP lateral diffusion coefficients on the relative amount of bound BP Q/Q;m. Data were
determined for 10 mol % of DOPS (black), 20 mol % of DOPS (red) and 30 mol % of DOPS (green) containing
DOPC SPBs.

From the dependencies of the particle numbers on the axial sample positions at
different protein concentrations phosphatidylserine-dependent equilibrium dissociation
constants are derived confirming literature values. Moreover, number of bound BP molecules
0 and limiting value of bound BP proteins Qj, are also parameters of interest. Our data show
that with increasing Q (e.g. with increasing amount of DOPS or BP used) protein D, values
decrease (Fig. 4). Above 30 % Q/Qun the D, values obtained for three different DOPS
contents overlap perfectly. In this range the observed dependency might be explained by a
model based on bound BP molecules acting as impermeable diffusion obstacles. Interestingly,
in the physiological relevant range (Q/Qin < 30 %) the BP diffusion weakly bound to 10 %
DOPS SPBs appears to be faster than on SPBs with higher DOPS content, indicating that at
the same surface coverage the increasing amount of available DOPS headgroups is slowing
down BP lateral diffusion.

In summary, we found that the lateral diffusion of BP is coupled with the diffusion of DOPE-
Atto488. However, BP is diffusing considerably slower than the lipids. No differences in the
lateral diffusion within both layers of the used SPBs were observed. Thus, there is no
evidence for significantly faster diffusion within the layer facing the support compared to
diffusion within the lipid layer binding BP, suggesting that the reason for the difference in D,
values between BP and lipids might be connected with the mechanism of BP diffusion.

However, explanations based on hydrophobic interactions between the non-fragment part of
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BP and the SPBs or a possible exchange of DOPS molecules bound to BP with unbound ones

appear at that point as too speculative.

Conclusion

In conclusion we have demonstrated that the phasor plot is suitable, useful and helpful
approach in the analysis of fluorescence data obtained by cuvette as well as microscopy
measurements. We have shown that
v the phasor plot is perfect tool in monitoring of excited state reactions (solvent
relaxation and energy transfer)
v the phasor plot helps in classical protein studies (protein denaturation, folding,

conformation, kinetics, interactions with ligand, influence of temperature and quenchers)

In relation to the membranes we have used phasors as well as various fluorescence
techniques to monitor and characterize membrane nanostructures. Specifically, we say that
v data quality of the structure size determination using energy transfer is highly

dependent on partition coefficients of individual donors and acceptors

v membrane nanostructures are very heterogeneous in terms of size, rigidity and
dynamics
v external cross-linkers are not necessary in nanodomains formation, the nanodomains

are more sphingolipids dependent

When characterizing weakly bound peripheral protein prothrombin, we have

demonstrated that

v z -scan FCS in combination with 2D3D analytical model is very powerful tool in
weakly bound protein dynamics

v unless there is obvious coupling between the prothrombin and the membrane, the

protein diffuses twice slower, which is most likely related to the binding mechanism
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Uvod

Biologick¢ membrany jsou dulezitou soucasti zivych organismil. Jejich funkce je
velice rtiznorodd a je blizce spjata se strukturou a molekularnim slozenim. Membrany udrzuji
nerovnovazny stav a zajist'uji prepravu iontd, energie, informaci a metabolitli mezi vnitinim a
vnéj§im bunéénym prostiedim. Biologické membrany jsou uspotadiany do fosfolipidové
dvojvrstvy. Jednotlivé vrstvy se skladaji z velice hydrofobnich acylovych fetézci
orientovanych do stfedu membran a hydrofilnich polarnich hlavi¢ek, které miti do cytosolu ¢i
do mezibunécného prostoru. Membrany nejsou tvoteny jen pomoci lipidd, ale z veliké ¢asti iz
proteind, které¢ spolecné s lipidy tvofi membranové kandly, komplexy a receptory. V roce
1972 panové Singer a Nicolson [1] publikovali svou praci v niz popisovali membranu jako
lipidovou dvojvrstvu s velkym podilem proteint. Navic autofi také uvedli, ze membrany jsou
velice mobilni a Ze proteiny a lipidy se v membranach pohybuji naprosto voln€. Pozdéji
Simons a spoluautofi [2] uvefejnili mySlenku membranovych raftl, velice rigidnich struktur,
které slouzi urcitym proteinim jako podplrné elementy membran a napomdhaji jim plnit
jejich funkci. Autofi jeSté zdlraznili, Ze membranové rafty jsou tvofeny pievazné molekulami
cholesterolu a sfingolipidil a jejich velikost je mensi neZ je rozliSeni optickych mikroskopt (<
200nm). Navic mluvili o raftech jako o stabilnich strukturach s nizkou dynamikou. Toto
tvrzeni bylo s postupem c¢asu poopraveno, jelikoz nova zjisténi naopak vykazuji vysokou

dynamiku rafta [3].

K lep§imu porozuméni principu organizace membran je velice dileZité pochopit vliv
jednotlivych lipidii. Bunééné membrany jsou komplexni systém, ktery ovliviluje mnoho
faktord. Z tohoto divodu je jejich studium velice komplikované. Modelové membrany,
obrovské jednovrstevné vezikuly (GUVs) [4] a podporované membrany (SPBs), jsou dobra
zjednoduSeni umoziujici kvantitativni studie membran. Podporované membrany jsou
vytvareny na pevnych podkladech, tudiz manipulace s nimi je zna¢n€ jednoduchd. Nevyhodou
podporovanych membran je vliv podkladu na mobilitu a fazovou separaci membran. Naopak
GUVs jsou nijak neovliviiované membrany o velikosti podobné buiikam. Navic jsou velice

vhodné pro studium fazovych separaci.

Fluorescen¢ni techniky jsou velmi uziteénym ndastrojem v biologickych studiich,
protoze jsou vysoce citlivé, selektivni a neinvazivni. Pro stanoveni membranové dynamiky
(lateralni pohyblivost, rigidita, vazba) jsou Casto pouzivany fluorescencni korela¢ni nebo
sledovaci metody (FCS, SPT, RICS) [5-7]. Doba dohasinani fluorescence je velmi citliva na

zmény mikroprostfedi v okoli fluoroford. Pfinasi tedy informace ohledné lokalni polarity,
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viskozity nebo heterogenity. Navic pfenos energie mezi donorem a akceptorem (obvykle
sledovano pomoci doby dohasinani fluorescence) poskytuje cenné informace o relativnich
vzdalenostech mezi molekulami donoru a akceptoru, které mohou souviset s konformaci
proteinu, vazbou ligandu na protein nebo, jako v nasem pfipad¢, na velikosti membranovych
nanostruktur.

Ve své diplomové préci se zaméfim na fluorescenéni techniky (emisni spektroskopii,
Forsterv rezonancni pienos energie, fluorescencni korelacni spektroskopii, zobrazovani dob
dohasinani fluorescence pomoci mikroskopie, harmonické wurcovani dob dohasinani
fluorescence), které poskytuji informace o membranach, membrano-proteinovych interakcich
a proteinech. Ptesnéji feceno se budu zabyvat vyvojem fazort, které jsou velmi jednoduchym
analytickym nastrojem pfi vyhodnocovani dob dohasinani fluorescence. Ukazuji piiklady
biochemickych aplikaci fazori pfi studiu membran i proteinli. Dale pouziji FCS a FLIM-
FRET v kombinaci s fazorovou analyzou k popisu membranového nano-okoli z hlediska
mechanismu vzniku a velikosti. Také se budu vénovat popisu a charakterizaci interakci mezi

bilkovinami a lipidy ¢i bilkovinami a celymi membranami.

Cile studie

Cilem této prace bylo pfispét pomoci fluorescencnich technik (pievazné
fluorescencnich mikroskopickych technik) k lep§imu porozuméni role lipid v membranové
organizaci a v interakcich mezi proteiny a membranami. Pfesnéji feCeno, moje prace byla
zamétena na vyvoj fluorescen¢nich metod aplikovatelnych na modelové membrany a déle pak
na pouziti téchto metod k popisu membranové dynamiky, vlivu individudlnich lipidd na
membranovou organizaci a studii protein-lipidovych interakci a jejich ovliviiovani se. Pro
jednoduchost je tato prace strukturovand do tii hlavnich ¢asti v souladu a otdzkami, na které
jsem hledal odpovédi:

1) Je fazorova analyza dob dohasindni fluorescence aplikovatelna pro studium organizace
modelovych membran a proteinovych struktur? Ptindsi fazorovy diagram nové
pohledy do biochemie proteint a lipidovych membran?

2) Jsou zakladni fluorescencni metody uzitecné pro charakterizaci a monitorovani
membranovych nanodomén v modelovych membrandch vzhledem k membranovym
raftim? Pokud ano, mizeme udélat obecné zavéry o mechanismu tvofeni téchto
domén?

3) Pokud popisujeme protein-lipidové interakce, je FCS dobry nastroj k popisu dynamiky

slab& vazanych perifernich proteinti?
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Materialy a metody

Vsechny lipidy pouzité v mé praci byly zakoupeny od firmy Avanti Polar Lipids (AL,
USA), fluorescencni barviva od firmy Invotrogen (CA, USA) a vétSina chemikalii a Cast
proteind od firmy Sigma Aldrich (MO,USA). Hovézi prothrombin jsem ziskal od Synapse BV
(Maastricht, Nizozemi) thrombin a antithrombin III od Hematologic Technologies (VT,
USA).

Podporované dvojvrstvy byly pfipraveny pomoci malych unilamelarnich vezikulti na
velmi Cistém povrchu slidy. Slida byla piipevnéna k drzéku a umisténa 200 mikrometrti nad
dnem kyvety [8]. Obrovské unilamelarni vezikuly (GUVs) byly pfipraveny metodou jemné
hydratace popsanou v literatuie [9] a imobilizovany na sklenény povrch pomoci streptavidin-
biotinové vazby. VSechna méfeni byla provedena na vrcholku kazdé GUV.

Hovézi prothrombin byl oznacen barvivem Alexa 633 ptes NH2 skupiny aminokyselin
podle standardniho znaciciho névodu. Oznaceny protein byl vycCistén od prebyte¢ného
volného barviva pomoci gelové chromatografie na Sephadexu G-25 a koncentrace znaceného
proteinu byla uréena pomoci absorp¢ni spektrometrie.

Existuji dvé zédkladni metody pouzivané pro urceni dob zivota dohasinani
fluorescence, Casové rozliSend a frekvenéni. V €asov€ rozliSené metod¢ je mefena doba, za
jakou je foton emitovan. Nasledné je pomoci fitovaci metody uréena doba dohasinani
fluorescence. U frekvencni metody je vzorek excitovan sinusoidné modulovanym svétlem a
rozdil mezi fazi a modulaci excitovaného a emitovaného svétla je zaznamenan. Doba
dohasinani fluorescence je opét stanovena pomoci fitovani kiivek.

Metoda zobrazovani fluorescencnich dob zivotnosti (FLIM) je zaloZena na skenovani
jednotlivych pixelli zkoumaného vzorku, pfi¢emz v kazdém pixelu je stanoven fluorescencni
lifetime. Vysledny obrdzek tedy neobsahuje pouze informace o intenzité¢ fluorescence, ale
také mapu zavislosti fluorescencnich dob Zivota dohasinani na poloze ve vzorku/obrazku.
Takovato mapa poskytuje cenné informace o lokalnim prostfedi kolem fluorofort, jak jiz bylo
uvedeno v ivodu.

Fazorova analyza je novy pfistup pro vyhodnocovani dob zivota dohasinani
fluorescence [10; 11]. Ve fazorové analyze se nepouziva zadného fitovani, tudiz se nevnasi do
vysledki zadné umélé chyby. Féazorova analyza je grafickym zndzornénim dob zivota
dohasinéni fluorescence, ve kterém jsou rozdily v dobach dohasinani velice snadno
rozpoznany a analyzovany. Principem metody je pfevedeni naméfenych dat do tzv. G a S

funkci podle nasledujicich rovnic:
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kde I(?) je intensita fluorescence v daném Case a W odpovidda w=2T f , f je repeti¢ni

frekvence laseru nebo jakakoliv jind frekvence. Hodnoty pro G a S funkce jsou vyneseny do
kartézské soustavy soufadnic. Chromofory s jednou hodnotou doby zivota dohasinani
fluorescence (jednoexponencialni) vytvareji univerzalni kruh se stfedem v [0.5, 0] a vSechny
ostatni fluorofory s vice hodnotami dob dohasinidni fluorescence nebo smési dvou
jednoexponencidlnich fluoroforti spadaji dovnitf univerzalniho kruhu. Navic smés dvou
jednoexponencidl tvoifi hypotetickou spojovaci ¢aru mezi polohami jednotlivych
jednoexponencial na univerzalnim kruhu.

Fluorescen¢ni rezonan¢ni pfenos energie vyuziva piekryvu emisniho spektra jednoho
fluoroforu (donor) a absorpcniho spektra jiného fluoroforu (akceptor). V piipad¢ tohoto
prekryvu je Cast energie donoru pouzita pro excitaci akceptoru. Ztrata energie donoru je
doprovazena snizenim intenzity fluorescence nebo zkracenim doby zivota dohasinani
fluorescence. Uginnost pienosu energie (zmény doby dohasinani fluorescence) je hlavné
zavisla na vzdalenosti molekul donoru a akceptoru, ¢ehoz je vyuzivano v strukturni biochemii
a biologii.

Fluorescencni korelacni spektroskopie je zalozena na sledovani intenzitnich fluktuaci
fluorescence ve velmi malém detekénim objemu (konfokalni mikroskopie). Tyto fluktuace
jsou nasledné korelovany a vysledné autokorelacni funkce jsou vyhodnocovany pomoci
vhodného matematického modelu (model pro dvourozmérnou nebo tfirozmérnou diftizi).
Diilezité parametry jsou difuzni ¢as (doba, jakou fluorofor stravi v detek¢nim objemu) a pocet
fluorescen¢nich molekul v detekénim objemu (z principu metody je mozné sledovat pouze
velmi malé mnozstvi fluorescencnich molekul najednou, 1-10 molekul). Hodnoty difiznich

¢ast jsou pfimo spjaty s difiznimi koeficienty.
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Vysledky a diskuse

Otazka cislo 1:

Je fazorovd analyza dob dohasinani fluorescence aplikovatelna pro studium
organizace modelovych membran a proteinovych struktur? Prindsi fazorovy

diagram nové pohledy do biochemie proteinu a lipidovych membran?

Charakterizace procesu spojenych s excitovanymi stavy pomoci fazorové analyzy

Motivaci této prace byl vyvoj metody, ktera by byla vyuzitelna k analytickému studiu
smési fluoroforti, tedy pomoci které by bylo mozno jednoduse a zfetelné¢ porovnat rtizné
smesi. Ve fazorové analyze je pozice smési dvou fluoroforii, které dohasinaji
monoexponencialné a které maji odliSnou dobu dohasinani fluorescence, nebo jediného
fluoroforu s multiexponencialni dobou dohasinani fluorescence, uvnitt tzv. univerzalniho
kruhu. Pozice unvnitf univerzalniho kruhu (soufadnice stiedu [0.5, 0]) indikuje heterogenitu
vzorku z hlediska dob dohasinani fluorescence. Podle teorie fazorové analyzy, tato pozice je
umisténa na hypotetické pifimce spojujici pozice jednotlivych fluorofori nebo
jednoexponencidlnich komponent. Nésledné smés tii fluorofori bude ve fazoru umisténa
uvnitt trojuhelniku, jehoz vrcholy odpovidaji pozicim jednotlivych fluoroford. My jsme
studovali smési dvou a tfi fluoroford, jejichz doby dohasinani fluorescence jsou znaéné
odli$né, presnéji feceno jsme pouzili znacky DENS (doba dohasinani fluorescence T = 29.9
ns), IAEDANS (T = 5.3 ns), a Rhodamine B (T = 1.7 ns). Ukazujeme fazorové pozice
jednotlivych  fluoroforti, kombinace smési dvou fluorofori (DENS/TAEDANS,
DENS/Rhodamine B, and IAEDANS/Rhodamine B) a smési vSech tii fluorofort. Podle
o¢ekavani jsou smési dvou fluoroforti lokalizovany na spojnici pozic jednotlivych znacek a
smés vSech tif znacek lezi uvnitf hypotetického trojuhelniku a jeji pozice zalezi na zastoupeni
jednotlivych fluorofori ve smési.

Nasledn¢ jsme vyuzili fazorovou analyzu ke studiu procest spojenych s excitovanym
stavem jako jsou Forsteriv rezonan¢ni pfenos energie nebo jev relaxace rozpoustédla. V
ptipad¢ relaxace rozpoustédla dochazi po procesu excitace ke zménadm v dipélovém momentu
fluoroforu a nasledné k reorganizaci molekul (dipdlovych momentl) rozpoustédla v blizkosti
znaCky. Rychlost této reorganizace zéalezi na rigidit¢ okolniho prostfedi a nekovalentnich
interakcich a je velice cennou informaci pfi charakterizaci membran a proteint. Kvili

fazovému zpozdéni emise relaxovaného stavu (v relaxaci rozpoustédla) nebo zpozdéni doby

22



dohasinani zivota akceptoru pfi pfenosu energie mize byt pozice u téchto procesii ve fazoru
za hranicemi univerzalniho kruhu.

Studovali jsme ptfenos energie uvnitt EGFP a ukdazali pozice ve fazorech, které
odpovidaly emisi nad 525nm pfi excitaci 47 1nm nebo 280nm (Obr. 1, vlevo). Je evidentni, ze
pfi excitaci 471nm pozice ve fazoru odpovidd dohasindni monoexponencidlniho fluoroforu
uvniti EGFP, tedy Ze je na univerzalnim kruhu. Na druhou stranu excitace pomoci 280nm
excituje aminokyselinové zbytky tyrosinu a tryptofanu, pficemz dochéazi k pienosu energie
mezi témito zbytky a chromoforem v EGFP. Vysledkem je pozice fadzorovych bodl za

hranicemi univerzalniho kruhu.
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Obrézek 1 Vlevo: Fazorové grafy pro EGFP, které bylo excitované pomoci vinovych délek 471nm a 280nm,
emisni data zaznamenana pro vinové délky vysSi nez 500nm. VSechna data excitovana vinovou délkou 280nm
jsou vné kruhu, co? je dikazem procest excitovanych stavll. Vpravo: LAURDAN ve vezikulach vytvorenych z
DMPC lipidQ. Kruhy atrojthelniky odpovidaji teplotni zavislosti od 5°C do 55°C s 5°C intervalem. Znackabyla
excitovana 375nm; emise byla shirdna skrz 420-nm (kruhy) a 470-nm (trojuhelniky) “longpass® filtry.

Podobné studium pomoci fazorové analyzy teplotni zavislosti (od 5°C do 55°C)
vezikulll sloZzenych z LAURDAN/DMPC ukazuje, ze data potfizena emisnim filtrem nad 470
nm jsou kompletné venku z univerzalniho kruhu (Obr. 1, vpravo). Pokud je analyzovano celé
spektrum (pomoci 420nm ,longpass® filtru), body ve fazorové analyze lezi podél
univerzalniho kruhu, coz ukazuje, Ze nerelaxovany stav pievlada nad relaxovanym. V ptipadé
pouziti 470nm ,,longpass filtru®, sbirand emise pochazi ptevazné z molekul, kolem nichz jsou
molekuly rozpoustédla relaxovany, a tudiZz je proces relaxace vice patrny ve srovnani s
experimentem, kdy jsou sbirdna data z vétSiho spektra.

Ukéazali jsme, Ze vyuziti fazorové analyzy pii métfenich v kyveté je komplementarni
metoda k ostanim analytickym pfistupiim a ze ve spousté piipadl poskytuje informace, které
jsou pomoci ostatnich metod velice obtizné ziskatelné. Ptfesnéji feceno, fazorova analyza
umoziuje jednoduchou kvantifikaci heterogenity vzorkt, déale pak piinasi jednoduchy piistup

k procestim excitovanych stavu.
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Fazorova analyza jako metoda k monitorovani konformace proteind, interakci mezi
proteiny a ligandy a kinetiky proteint

V této préci jsme vyuzili prevézné fluorescence tryptofanu k popisu a charakterizaci
proteint lyzozymu, dynaminu 2, lidského serového albuminu a transferinu. Zmény v
konformaci proteint byly studovany pomoci zhasecich a teplotnich experimentll a vysledna
data byla analyzovana pomoci fézorové analyzy. Strucné reCeno, zha&SeC fluorescence
akrylamid znacné snizuje dobu dohasinani fluorescence proteinu lyzozymu v zévislosti na
koncentraci zh&Sedla. Tato zména doby dohasinani fluorescence odrézi zmény ve sbaleni
proteinu.

Teplotni experimenty ukazuji dvé cesty v denaturaci proteinu lyzozymu. Pri teploté
40°C je snizujici se trend v heterogenité doby dohasinani fluorescence zastaven. Tento trend
odpovida vratnému rozbalovani konformace proteinu. Pri teploté nad 70°C zacina
heterogenita doby dohasinani fluorescence opét rist a od této hodnoty zacina byt proces
denaturace ireverzibilni.

Ukazujeme také data (porizena pri excitaci o vinové déice 280nm) pro jednotlivé
proteiny thrombin, antithrombin a lyzozym a pro jejich smési. Proteiny antithrombin a
lyzozym spolu neinteraguiji, tudiz smés obsahujici tyto dva proteiny lezi ve fazorové analyze
presné na spojnici pozic pro jednolivé proteiny (viz Materidy a Metody). Toto bylo
experimenta né ovéreno ve fazorové analyze pro smés obsahuijici tyto dva proteiny v pomeéru
1:1. Na duhou stranu, pokud spolu dva proteiny interaguji a tato interakce ovliviuje doby
dohasinani fluorescence jednotlivych proteind, pak sméstéchto dvou proteinii se odchyluje od
spojnice pozic pro jednotlivé proteiny. Proteiny thrombin a antithrombin spolu tvori pevny
komplex, ktery ovliviuje dobu dohasinani fluorescence, tudiZ ve fazorové analyze neni pozice
této smési linearni kombinaci dob dohasinani fluorescence jednotlivych proteind, jak jsme
experimentdné ovérili. Tato demonstrace ukazuje jakym zplsobem je fézorova anayza
uziteCnym néstrojem pfi studiu interakci proteing.

Denaturace proteind je velice dilezitym tématem v proteinové védé, nicméné jeji
studium je velice komplikované. Typickymi denaturacnimi Cinidly jsou mocovina a guanidin
chlorid (GdHCI). My jsme sledovali vnitini fluorescenci proteinu lyzozymu za podminek, kdy
byla postupné pridavana tato dvé denaturacni Cinidla (Obr. 2). Koncentrace denaturaCnich
Cinidel v jednotlivych krocich byly; 0M, 1 M, 2 M a6/8 M GdHCI a mocCoviny. Koncentrace
v pocateCnich podminkéach zpusobuji pouze malé odlidnosti v denaturaci proteinu, ovdem

vySSi koncentrace mocoviny a GAHCI ukazuji Uplné odlisné sméry v denaturaci lyzozymu.
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KoneCné body ve fazoru jsou dramaticky odlisné a ukazuji dvé unikétni denaturované formy
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Obrézek 2 DenaturaCni studie proteinu lyzozymu analyzovana pomoci fézorového grafu. Koncetrace

denaturantti GAHCI amocoviny byly; 0 M (plny kruh), 1 M (prézdné kruhy), 2 M (prézdné trojahelniky) and 6/8

M (plné trojahelniky).

lyzozymu.

V tomto ¢lanku jsme popsali a ukdzali mozné aplikace fazorové analyzy pfi studiu
vnitini fluorescence proteinli. Pomoci této metody, velice komplexni parametr, jimz doba
dohasinani fluorescence je, miize byt preveden pouze do jednoho bodu ve fazoru. Vnéjsi
faktory jako vazani ligandu k proteinu nebo denaturace proteinu zpiisobuji zmény v okoli

aminokyselinovych zbytkli a zmény pozic fazorovych bodu.

Otazka cislo 2:

Jsou zakladni fluorescencni metody uzitecné pro charakterizaci a monitorovani
membranovych nanodomén v modelovych ~membrandach vzhledem k
membranovym raftum? Pokud ano, mizZeme udélat obecné zavery o mechanismu

tvoreni téchto domen?

Molekulova dynamika ukazuje koncepcni limitace pri urcovani velikosti nanodomén v
membranach pomoci metody prenosu energie

Forsteriv rezonan¢ni pfenos energie je velice Casto vyuzivan pii charakterizaci
membranovych nanodomén také kvili tomu, ze FRET muze pfinést informace o
nanodoménach, a to i v ptipad¢, ze vznikaji pouze na prechodnou dobu. Urcovani velikosti
téchto nanodomén pomoci FRET vyzaduje znalost rozdélovacich koeficientdl mezi
nanodoménami ( L,) a okolnim prostorem membrany (L4) pro donory (D) a akceptory (A). V
této praci prevazné diskutujeme rozdélovaci koeficienty jednotlivych fluorofort a jejich vztah

k urcovani velikosti nanodomén pomoci FRET. Existuji tfi mozné ptipady; I) obé dveé znacky
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jsou lokalizovany v L, fazi, II) D/A par je vyloucen z L, nanodomén a III) donor a akceptor
jsou lokalizovany v odlisSnych fazich. Pomoci molekulové dynamiky jsme spocitali
pravdépodobnosti schopnosti detekovat membranové domény a vztahnout je k velikosti a
zastoupeni téchto domén. Tato pravdépodobnost byla vyjadiena pomoci poméru steady-state
intenzity donoru (F4) k intenzité donoru v ptipadé, kdyz D/A jsou rovnomérné rozmisténé v
membrané (Fq(uni)). VSimnéte si, Ze pomér vyssi nez 1.2 je vhodny pro urovani velikosti a
zastoupeni nanodomén v membrané. V prvnich dvou piipadech studium pomoci FRET je
nebo A) jsou ob¢ vyssi nez 5 (v prvnim piipad€) nebo naopak nizs$i nez 0.01 (v druhém
pripad€). Nicméné jsme zjistili, ze tieti ptipad je nejindealnéj$i pro ur€ovani membranovych
charakteristik, zvlasté¢ pak kdyz K4> 3 a K, < 0.01.

V této préci také diskutujeme Ctyri FRET pary (které jsme nadli v literature) a jgjich
vyuZiti pri charakterizaci membranovych nanodomén. Tyto pary jsou;

1) NBD-PE/Rhodamine-PE sKy= 4.3, K,=0.37 aRo~ 5 nm [12],

1) BODIPY -PC/fast-Dil sK3=0.1, K,=0.1aRy~ 6.5 nm[13],

[11)  Alexa Fluor 647 cholera toxin podjednotka B/DiD s Kq= 11 (6), Ka= 0.004 a
Ro~ 5.4 nm, a,

V)  Peryleneffast-Dil sKq=0.8 (3), Ka= 0.01 aRo~ 5 nm [14].
V&echny tyto uvedené FRET péry byly studovany v systémech o rtzném lipidovém slozeni,
coz vysvétluje jemné rozdily v rozdélovacich koeficientech donortl a akceptort. Podle
vysledkll z naSich simulaci vychézi, Ze nejlepsi FRET pér byl Alexa Fluor 647 cholera toxin
podjednotka B/DiD. Druhy nejvhodnéjsi par byl Perylene/fast-Dil, obzvlésté kdyz je v
simulacich pouZita hodnota Kq = 3. Bohuzel zigima nevyhoda pouZiti cholera toxinu je jeho
vlastnost véazani péti GM1 lipidd dohromady. Toto spojovani méni lokani lipidové slozeni v

membranach [14].

Charakterizace velikosti a mechanismu vzniku membranovych nanodomén v GUVs
Zmény v organizaci membrany po zesitovani jejich Casti spoudti signalizaCni
bunécnou odpovéd’ na rlizné vnéj§i faktory. Zesit ovani gangliosidd GM1 pomoci cholera
toxinu (CtxB) zplisobuje mikroskopickou fézovou separaci v modelovych membranach.
Komplexy CtxB-GM1 tvorici minimani lipidovou jednotku jsou predmétem pravé
probihajiciho membréanového studia. Primé pozorovéani téchto malych (fadové
nanometrovych) membranovych heterogenit pomoci optické mikroskopie neni mozné kvli
nizké rozliSovaci schopnosti a diky rychlé dynamice vzniku a rozpadu raft(i. Z téchto diivodu
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tyto velice malé membranoveé struktury nikdy nebyly charakterizovany z hlediska velikosti a
dynamiky. V této préci jsme se zamérili na studovani této pocétecni faze fazové separace
indukované CtxB v model ovych membranach (GUV s), které obsahuji lipidy Sph/DOPC/Choal.

Lipidové sloZeni studované v této préaci (shrnuto v Tabulce 1) je velice blizko oblasti,
ve které dochazi k mikroskopické fazové separaci. Zesit ova¢ CtxB byl pridavan ve dvou
krocich coz je v této praci oznaCovano jako malé a velké mnozstvi cholera toxinu
(oznacovéno apostrofem, napf. B a B'). ZdUraziujeme, Ze za nadich podminek domény o
mikrometrové velikosti nebyly pozorovany v obou studovanych lipidovych kompozicich (B a
C), ato ani kdyZ bylo pridano velké mnozstvi cholera toxinu. Ukazujeme vysledky pro CtxB-
Alexab47, které byly naméreny pomoci z-scan FCS a analyzovany difliznim zékonem
teoreticky odvozenym Wawrezinieckem a jeho kolegy [15]. Provedli jsme také FLIM-FRET
meéreni prenosu energie mezi CtxB-Alexa488 (donorem) a DiD (akceptorem). DiD je lipidova
znaCka, ktera je prevazné lokalizovana v L4 fazi. Pomoci fazorové analyzy jsme monitorovali
zmény v dobé dohasinani fluorescence donoru.

Tabulka 1 Molarni frakce lipidu pouZité natvorbu GUV's

DOPC Sph Chol DOPG GM1
A 0.68 0 0.25 0.05 0.02
B 0.49 0.19 0.25 0.05 0.02
C 0.44 0.24 0.25 0.05 0.02

Kompozice A neobsahuje zddny Sph a naméfené experimenty slouzi jako srovnavaci
vzorek, ve kterém nedochdzi k zddné segregaci lipidi do domén. Laterdlni difize CtxB je
nezavisla na mnozstvi pridaného CtxB a analyza difuzniho zédkona ukazuje volnou a ni¢im
nebranénou diftzi (s nulovym Usekem na ose y). Vysledky z FLIM-FRET méteni ukazuji
maximalni pfenos energie, coz odpovidd homogennimu rozdéleni molekul donoru a akceptoru
v membrané.

Kompozice B a B' se z hlediska lateralni difize chova velice odlisné od kompozice s
nulovym mnozstvim Sph. Za prvé, chovani této kompozice je zavislé na mnoZstvi piidaného
CtxB. Za druhé, analyza pomoci difuzniho zakona ukazuje vyznamny pozitivni tisek pro velké
mnozstvi CtxB, coz nepifimo ukazuje na pritomnost membranovych nanodomén, ve kterych je
lateralni difuze proteinu zna¢né zpomalovana. Navic snizend UCinnost pienosu energie pii
FLIM-FRET experimentech pro kompozici B ve srovnani s kompozici A signalizuje také
separaci donoru a akceptoru a tedy i pritomnost membranovych domén (Obr. 3). Tento efekt

byl jesté vice zieymy pii pouziti velkého mnozstvi CtxB, coz naznaluje zvétSeni téchto
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domén. Dale pak jsme pouzili analyticky model navrzeny pany Baumannem a Fayerem [16]
pro analyzu kiivek dohasinani dob Zivota fluorescence donoru a vypocitali primérné
poloméry domén. Vysledkem jsou poloméry 5 nm a 8 nm pro kompozice B a B'.

Kompozice C se dramaticky 1i$i od kompozice B ve tfech aspektech; 1) nepozorovali
jsme zadnou koncentracni zavislot pfi ptidavani zesitovace CtxB, 2) ackoliv tato kompozice
obsahuje vy$$i mnozstvi Sph ve srovnani s kompozici B, Cas, po ktery se CtxB-Alexa647
pohybuje po membrané v této kompozici, je nizsi ve srovnani s kompozici B', ale vy$si nez v
kompozici B a 3) pozitivni ¢asovy usek urceny z difuzniho zdkona je vyznamné nizsi (nebo
dokonce roven nule) ve srovnani s kompozici B'. Vysoky pokles v u€innosti pfenosu energie
ukazuje velké domény. Baumanniiv a Fayeriv model potvrzuje tyto hypotézu a urcuje

pramérnou velikost poloméru téchto domén (R=24 nm).

‘0.0 0.5 1.0

Obrézek 3 Spodni cast: Fézorovy graf dob dohasinéni fluorescence donoru (CtxB-488), které jsou ovlinény
prenosem energie. Horni Cast: Obrazky intenzit fluorescence v GUV's mérené pro malé a velké koncentrace
CtxB-488. V&imnétesi, Ze i pro vysoké hodnoty CtxB nejsou zjevné viditelné zadné fazové separace.

V této praci jsme ukazali dva rGzné typy membranovych domén s velikosti pod
optickym rozliSenim mikroskopt. Jelikoz v kompozici B se difuzni charakter domén méni s
mnozstvim pouzitého zesitovace CtxB, navrhujeme, ze tyto domény jsou tvoieny na
ptechodnou dobu kolizi CTxB-GM1 komplext. V kompozici B jsou tedy domény tvofeny
vyhradné pomoci zesitovace a nasledné stabilizovany pomoci Sph. Na druhou stranu naSe
data ukazuji, Ze v kompozici C jsou malé lipidové domény vytvoieny uz pted piidanim

zesitovace a moznost jejich existence je piipisovana interakcim mezi jednotlivymi lipidy.
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Otazka cislo 3
Pokud popisujeme protein-lipidové interakce, je FCS dobry nastroj k popisu

dynamiky slabé vazanych perifernich proteinii?

Charakterizace interakce proteinu prothrombinu s negativné nabitymi modelovymi
membranami

Spousta enzymatickych procesti, kterych se ucCastni proteiny obsahujici zbytky
kyseliny y-karboxyglutamové, vyzaduji vazbu téchto proteini na zdporné nabité membrany.
Jako ptiklad téchto procesti slouzi protein koagula¢ni kaskady krve prothrombin, ktery se
pomoci lateralni diftize spojuje s dal§imi proteiny a tvoii prothrombindzovy komplex. Jelikoz
tyto proteiny jsou vazany na membranu velice slabé (rovnovazna disociacni konstanta K4 je
radové uM), za fyziologickych koncentraci proteinu existuje stale nezanedbatelné mnozstvi
proteinu nenavdzaného na membranu, coZ studium laterdlni diftze prothrombinu znacné
ztézuje. Ukazujeme, Ze z-scan FCS je jednoducha metoda pro uréovani 2D difuznich
koeficienti téchto slabé vazanych proteini. Navic s pouzitim tzv. “pulsed interleaved
excitation” (PIE) jsme schopni sou¢asné monitorovat difuizi proteint a lipidi, tudiZz mizeme
ziskat pfimé informace o moZzném propojeni obou difuznich procesti. Pfesnéji feceno jsme
studovali vazani proteinu prothrombinu zna¢eného pomoci fluorescenéni znacky Alexa633 na
modelové membrany SPBs slozené¢ z DOPC a DOPS. Modelové membrany o riizném
lipidovém sloZeni byly znaceny pomoci DOPE-Atto488.

Porovnéani hodnot laterdlnich difiznich koeficienti (D, ) pro prothrombin a lipidy
ukazuje, ze protein se pohybuje vyznamné rychleji. Pfekvapivé lateralni diftize proteinu a
lipidt ukazuje kvalitativné podobny trend, coz napovida o jistém vztahu (vazb¢) téchto dvou
difuznich procesi. U membran s nizkym zastoupenim (10%) DOPS a nizkou koncentraci
proteinu je rozdil mezi diftzi proteinu a lipidG znacné€ men$i nez u membran s vysSSim
zastoupenim DOPS.

Ze zavislosti poctu castic na koncentraci proteinu prothrombinu jsme urcili
rovnovazné disociacni konstanty. Hodnoty té€chto konstant odpovidaji hodnotdm dfive
publikovanym v literatufe. Navic jsme ziskali hodnoty pro pocet molekul prothrombinu
navazanych na membranu Q a pro limitni hodnoty navézaného prothrombinu Q.. Nase data
ukazuji, ze se stoupajici hodnotou @ (napf. se stoupajicim mnozstvim DOPS nebo
prothrombinu) klesaji hodnoty laterdlni diftize prothrombinu (Obr. 4). Nad 30 % O/Qun se
hodnoty D, ziskané pro tii rizné koncentrace DOPS v membrané plné piekryvaji. Tato

zavislost mize byt vysvétlena neprostupnymi zabranami v membrané zpuisobenymi velkym
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mnozstvym proteinu prothrombinu navazanym na membranu. Za fyziologicky relevantnich
hodnot (Q/Qim < 30 %) se rychlost difize pro membranu s 10 % DOPS jevi vySsi ve srovnani
s membranami s vy$$im mnozstvim lipidu DOPS. Toto ukazuje, ze za stejné hodnoty pokryti
membrany prothrombinem je difize zpomalovdna pfimou zéavislosti na mnozstvi DOPS v

membrang.
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Obrazek 4 Zavislost lateralnich diftznich koeficienti prothrombinu na relativnim mnozstvi navazanosti

(zapInénosti) membrany Q/Qiim. Data byla nameéfena pro SPB membrany obsahujici 10 mol % DOPS (¢ernd), 20
mol % DOPS (¢ervena) a 30 mol % DOPS (zelend).

Touto praci jsme ukézali, Ze laterdlni difuze prothrombinu je svazédna s laterdlni difuzi
DOPE-Atto488, nicméné prothrombin se pohybuje po membrané zna¢né rychleji. Je tfeba
pfipomenout, ze nebyly pozorovany zadné rozdily v lateralni diftzi mezi jednotlivymi
vrstvami v modelové membrané (SPBs). Vysvétleni tohoto rozdilu v difizi by mohlo byt
zalozeno na hydrofébnich interakcich mezi prothrombinem a SPBs nebo na moZné vyméné
molekul lipidd DOPS vazanych k prothrombinu za molekuly nevdzané. Tyto hypotézy jsou

vsak velice spekulativni.
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Zaver

Zavérem bych chtél jasné zdlraznit, ze fazorova analyza je velice uzite¢na metoda pfti
vyhodnocovani dat spojenych s dobou Zzivotnosti dohasinani fluorescence, ziskanych jak
pomoci mikroskop, tak i ¢isté spektroskopicky v kyvetach. Ukézali jsme, Ze
v fazorova analyza je skvé€ly néstroj pro studium a monitorovani reakei excitovanych
stavi, jako je pienos energie a relaxace rozpoustédla
v fazorova analyza je vyuzitelnd v klasickych studiich proteinii (denaturace proteind,
sbalovani, zména konformace, kinetika, interakce proteinu a ligandu, vliv teploty a

fluorescencnich zhasedel).

Pfi studiu membran jsme pouzili fazorovou analyzu spolu se spoustou fluorescencnich
metod k charakterizaci membranovych nanodomén. Na zaklad¢ vysledkt konstatujeme, ze
v kvalita dat pro urCovani membranovych struktur pomoci pfenosu energie je silné

zavisla na parti¢énim koeficientu donort a akceptorti

v membranové nanodomény jsou velice heterogenni co se tyCe velikosti, rigidity a
dynamiky
v tvorba nanodomén je hlavné zavisld na pfitomnosti a mnozstvi sfingolipidi v
membrang.

Pfi charakterizaci membranové interakce slabé vazaného proteinu prothrombinu jsme
ukazali, ze
v z-scan FCS v kombinaci s vhodnym matematickym modelem pro analyzu je velice
uzite¢nd metoda pro uréovani dynamiky slabé vazaného proteinu
v ackoliv je ziejmé, Ze protein je vdzan na membranu, lateralni pohyb prothrombinu je

dvakrat pomalejsi, coz pravdépodobné souvisi s mechanismem vazby.
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