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ABSTRACT

SUPER RESOLUTION MICROSCOPY OF LIPID BILAYER
PHASES AND SINGLE MOLECULE KINETIC STUDIES ON

MEROCYANINE 540 BOUND LIPID VESICLES.

Chinkuei Kuo

Robin M. Hochstrasser

Recently, observing biological process and structural details in live cell became
feasible after the introduction of super-resolution microscopy. Super-resolution
microscopy by single molecule localization is the method that has commonly been used
for such purpose. There are mainly three approaches to it: stochastic optical
reconstruction microscopy (STORM), photoactivated localization microscopy (PALM),
and point accumulation in nanoscale topology (PAINT). STORM and PALM rely on
external laser control and use of photoactivable fluorescent protein or photoswitchable
dyes and are technically challenging. The PAINT method relies on the control of thermal
reaction rates to enable the switching between bright and dark states. Therefore, many

conventional fluorescent probes can be applied in PAINT method and the images denote



different information composed of interactions between the probe and its immediate
environment by variations of probe parameters.

The existence of lipid rafts has been under debates for decades due to the lack of
a tool to directly visualize them in live cells. In the thesis, we combine PAINT with a
phase sensitive dye, Merocyanine 540, to enable nanoscale observation of phase
separation on supported lipid bilayers of mixed liquid/gel phases. The imaging results are
presented in the chapter 3. Given that this is the first example of visualization of
nanoscale phase separation of lipid bilayers using an optical microscope, we further
looked into the kinetics of MC540 monomer dimer equilibrium in lipid bilayers using
single molecule intensity time trajectory analysis and polarization dependent imaging.
Our finding confirms that perpendicular monomeric MC540 (to the membrance surface)
is the emitting speices in our system and it stays fluorescent for roughly 3 ms before it
switches off to dark states. This part of analysis is presented in the chapter 4. All the
materials, procedures to carry out experiments and data analysis, methods involved in our
study are briefed in the chapter 2. It was shown that the PAINT method of super-
resolution imaging using the dye MC540 is useful for imaging nanoscale phase domains
in binary lipid bilayers. The extension of our approach to other binary or ternary lipid

model or natural systems provides a promising new super-resolution strategy.
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Chapter 1 Introduction

Fluorescence spectroscopy and microscopy have been useful and common tools
for the scientific community to tackle biological problems. It has even escalated to
another level since single molecule observations become possible since two decades ago"
°. The combination of the unique ability for light to penetrate through biological samples
(cells, tissues, and e.t.c.) and the ability to gather information from individual single
molecules (enzymes, RNA, DNA, functional proteins, and etc.) has proven flourishing to
dissect important tangling biological issues®®, not only in vitro but also in vivo. However,
the optical method has still been limited by diffraction. Yet this has changed as the
introduction of super-resolution microscopy to enable us to observe things optically at a
resolution that is beyone the diffraction limit came along on 2006%. Surprisingly
biological details and images'® '* have been stacking since then. Interesting biological
problems that occur at spatial scale below 300 nm now are to be answered with the newly
developed tool. Among the problems, the existence of lipid rafts'**® is the one that
remains not clarified due to the lack of direct evidences. In the thesis, we introduced a
supre-resolution method (see Chapter 3 for the imaging results) that is able to image
nanoscale phase separation of lipids that might provides a strategy to future development
of lipid raft imaging field. The method involves the use of merocyanine 540 as a probe,
and therefore it is possible that the monomer dimer equilibrium Kkinetics of MC540
participates behind the scene. Single molecule Kkinetic study using intensity time

trajectory analysis (presented in Chapter 4) is used to evaluate potential kinetic schemes
1



involved. Below we give a brief introduction to the development and current status of the
techniques that are involved.
Early history and development of single molecule spectroscopy and microscopy

can be found in several reviews &% 1618

, here only recent progress in the field are
highlighted.

Gene expression is one of many important essential life processes. Xie et al.
showed™ how a immobilized fluorescent protein can be imaged in cells and applied to the
task of watching real-time gene expression in live cells. A fusion protein of a yellow
fluorescent protein (YFP) and a membrane targeting peptide was expressed under
repressed condition. They showed that highly localized emitters (membrane-localized
YFP) are able to give emission higher than autofluorescence background in Escherichia
coli cells. Because the YFP they chose is a fast-maturing one, they were able to watch the
gene expression in live cells, one molecule at a time. They, from the imaging results,
noticed several qualitative features of the gene expression process: protein molecules
(fusion protein) are generated in bursts, the number of protein molecules in each burst
varies, and the bursts exhibit particular temporal spreads. They further gathered
quantitative answers. The bursts (indicating the production of fusion protein) come in
around 46 minutes in average. Each gene expression burst results from one mRNA
molecule. On average, 4.2 protein molecules were produced from each mRNA. The

posttranslational assembly of the fluorescent fusion protein was measured to be around 7

minutes.



Cohen and Moerner demonstrated® how a single biomolecule (fluorescently
labeled tobacco mosaic virus) can be trapped by an anti-Brownian electrokinetic (ABEL)
trap. This approach enabled extended period for the observation of single molecules in
solution by applying counter electrokinetic forces to suppress Brownian motion of
individual protein molecules in free solution, under ambient conditions. The Brownian
motion of the biomolecule in the trap was monitored and a feedback voltage to a
microfludic cell was applied. The resulting electrokinetic forces produce a drift that
cancels the Brownian motion exactly. Moerner et al further* applied the trapping method
to study the conformational dynamics of single B,-adrenergic receptors (B.ARS) in the
solution phase. The activation process of the receptors is not a simple on-off switch. It is
suggested a complex conformational landscape where multiple conformations with
similar downstream activity are included in the active, signaling state. By gathering the
fluorescence intensity and the excited-state lifetime for each single fluorescently labeled
B2AR, the analysis showed that a complex conformational landscape is evidenced by a
diversity of discrete values for fluorescence intensity and lifetime. The transitions among
a range of intensity-lifetime states are observed. The intensity may be correlated,
uncorrelated, or anticorrelated with lifetime. The time scale of the inter-conversion of
these states is around hundreds of milliseconds, which indicates in the local protein
environment.

Conformational dynamics of proteins may be viewed as itinerant motions when
the protein traverses from one state to another on a complex network in conformational

space (state space). Yang et al showed their method® to extract the multiscale network in



state space from a single-molecule time series. The advantage of this approach is that the
rules about the underlying dynamics about the system are objectively provided directly
from the experimental single molecule time series without introduction of models that are
postulated for the underlying physical mechanism.

Xie et al developed” a new method that is called “Ground-State Depletion
Microscopy” that has ultrasensitive detection ability for optical absorpotion with single
molecule sensitivity. Conducting single molecule level detection via fluorescent emission
is known to be easier than via optical absorption due to the difference in the background
interference (background free for emission method). The relative light attenuation for a
single-molecule absorption process is no more than 10°-107, which is easily buried in the
laser intensity noise (~1%), let alone the interference from Rayleigh scattering from
sample inhomogeneity. Using a high-frenquency dual-beam modulation transfer
detection scheme to achieve ground state depletion in a pump probe setting, they were
able to detect a single-molecule (Atto647N, Sigma-Aldrich, 04507) absorption signal at
room temperature.

It can be seen that as the evolving development of single molecule spectroscopy
and imaging methods keeps coming, new information regarding a biological system or
process can be gathered to answer more fundamental questions in a microscopic approach.
Watching gene expression process®, probing protein conformational dynamics landscape
mapping®® #, and detecting optical absorption at single molecule level® are just a few of

new methods that physical science researchers have been developing recently. On the



imaging front, one breakthrough is to be able to optically image biological sample with
resolution that can succeed diffraction limit'® 2%,

Diffraction of light limits the ability of fluorescent microcopy to see the tiny
details of an object under observation. It blurs the fine structures in the diffraction limited
spot. By the Rayleigh Criterion, the resolution of a microscope is

Ro=0.614/NA
where A is the wavelength of the emission light (detection) and NA is the numerical
aperture of the objective lens. Two objects that are less than R, apart are impossible to
distinguish if they emit at the same time. Therefore, structural details below 300 nm are
usually missing when fluorescent microscopy are applied for the visualization. Lots of
important biological process, usually involving interaction of proteins, falls in such
spatial regime and therefore to remove such imaging barrier set by diffraction has been an

active area®™ ¥

in scientific community. Among these methods, super-resolution
microscopy” by single molecule localization has become a popular one for imaging
nanostructure in cells.

The feasibility of super-resolution microscopy® by single molecule localization
comes from two sources: sparse distribution of single molecule fluorescent emitters in
each frame and high precision localization fitting of diffraction limited spots from these
emitters. As long as these two requirements are guaranteed, repeated cycles of

coordination collection from lots of frames enable the synthesis of a super-resolution

image.



The high precision localization of fluorescent spots originates from the field of
particle tracking®. Single particles are imaged over time and are localized in every image.
Particle trajectories can be created with position accuracy higher down to ~ 1 nm range®.
A two dimensional Gaussian function® can be used to extract the centroid position of the
spot and therefore the precise location of the emitter is read out. The localization of a
diffraction limited spot from single molecule emitter gives the precise location of the
emitter and is highly related to the number of photons that form the spot. Quantitatively,
the localization precision® can be estimated by:

<(4x)*> = (s*+a¥/12)/N + 8 r s"b*la’N?
where <(4x)*> is the precision with which the fluorescent emitter can be localized in two
dimensions, s is the standard deviation of the point spread function, N is the total number
of photons collected (of the spot), a is the size of an image pixel, and b is the background
noise per pixel. Therefore, the higher number of photons collected for each spot, the
smaller the point spread function of the spot, the lower the background noise, and the
smaller each pixel would give better localization accuracy. On the other hand, the idea of
gathering distribution of single molecule fluorescent emitters in each frame to synthesis
the final image was demonstrated by Hochstrasser® et al by superimposing a series of
single molecule spots from each frame to visualize nanostructures.

Generally speaking, there are three ways to achieve controlled sparse distribution
of single molecule fluorescent emitters on each frame: photoactivated localization
microscopy *° (PALM), stochastic optical reconstruction microscopy® (STORM), and

point accumulation in nanoscale topology® (PAINT). The difference between them lies



in the use of various probes (dyes) to achieve active control of sparse distribution of
single molecule emitters in each frame.

The PALM method uses photoactivable or photoswitchable fluorescent proteins,
external laser enable photoactivation, and photobleaching to achieve the control. PALM
has been used to resolve individual adhesion complexes and the spatial relationship
between them and cytoskeleton and the substrate in migrating cells*, and the nanoscale
dynamics of the adhesion complexes in live cells® by Betzig et al. Baumgart® et al used
the PALM method to analyze the spatial association of signaling proteins and F-actin
effects. They found that after initiation of signaling, the spatial segregating of kinase
ZAP70 and SLP76 signaling microclusters at eh cell periphery increases and that such
segregation takes place in parallel with the reduction of microcluster phosphorylation
levels. Moerner®” et al used ParA-eYFP (targeted ParA filaments) and ParB-mCherry
(targeted chromosome) fluorescent protein with the PALM method to observe the
chromosome separation process guided by a spindle-like apparatus (40 nm wide linear
spindle of ParA filaments). The information is obscured by diffraction by conventional
microscopy.

The STORM method uses the same approach of photoactivation, photobleaching,
yet with photoswitchable organic cyanine dyes (cy3-cy5). STORM has been applied to
image molecular complexes, cells, and tissues with ~20 nm lateral and ~50 nm axial
resolutions with three-dimensional data acquisition and multicolor approach® *
Clathrin-coated pits and microtubules in a cell were imaged with their 3D super-

resolution approach by adding a cylindrical lens into the imaging path to distort the shape



point spread function to get the axial position of single molecule emitters®. Recently,
individual actin filaments in cells were resolved and the three-dimensional ultrastructure
of the actin cytoskeleton was revealed using a dual-objective scheme with astigmatism
imaging by the same group®.

The PAINT method® is conceptually different from the aforementioned
subdiffraction methods in that it relies on the control of thermal reaction rates to enable
the switching between bright and dark states. Therefore, many conventional fluorescent
probes can be applied in PAINT and the type of image will depend on the control of the
interaction between the probe and its immediate environment by variations of probe
parameters. PALM and STORM have proven to be useful to image nanostructures in
cells, yet they rely on photoactivated proteins or photoswitching dyes, repectively and
render them technically challenging. In the thesis, we are going to demonstrate an
example of how the understanding of a dye and its interaction with the surrounding (lipid
environment in our case) (chapter 4) and the integration of it with the PAINT method can
envisage the nanoscale imaging of phase separation of lipids (chapter 3).

The concept of lipid rafts'® “* has stimulated numerous biophysical studies***> *
either by direct visualization techniques or indirect inferences* * from the tracking and
analysis of diffusing probes. Direct visualization techniques include electron
microscopy” imaging of extracted portions of cell membranes, atomic force microscopy
(AFM) “**" of supported lipid bilayers with various compositions that might emulate lipid
rafts, fluorescent probe microscopy to expose partitioning between different phases on

membranes* *, coherent anti-Stokes Raman microscopy® of specific lipid domains, X-



ray scattering{{19 Mills,Thalia T. 2008_}}, and NanoSIMS®" *2, However a clear
visualization of lipid rafts, which may vary in size from tens to several hundred
nanometers on live cells, has not yet emerged. The ability to section cells along the axial
directions and have sufficient lateral resolution to analyze raft domains remains a
technical challenge. Therefore the development of methods that can readily distinguish
lipid structures at high spatial resolution is essential. In this thesis, the “points
accumulation for imaging in nanoscale topography” (PAINT) method”, which has sub-

diffraction resolution, is combined with a lipid phase-sensitive probe>*®’

, merocyanine
540 (MC540), to facilitate direct observation of phase separations on a supported lipid
bilayer (to be detailed in the chapter 3), with the expectation that in the future the method
might become applicable to cell membranes.

It is possible that the monomer dimer equilibrium is the underlying kinetics
responsible for the blinking of the single molecule emitters in MC540 bound lipids based
on previous researchers’ results®™ ° %, In the thesis, we are going to utilize the single
molecule approach for the evaluation of possible kinetic scheme: analyzing the single
molecule fluorescent intermittency (intensity time trajectory) (to be detailed in the
chapter 4).

Single molecule intensity trajectory collection®® has been a powerful tool to see
beyond the ensemble averaging, and therefore enable access to detailed information in
various ways: (1) a probability density distribution function for an experimental

observable, instead of a single, mean value, is provided; (2) static and dynamic

heterogeneity of the observables can be differentiated; (3) statistically rare events, like



transitions between different functional states, can be explored; and (4) potential kinetic
scheme can be evaluated through analysis of these distribution functions. The
intermittency (on and off trajectory) of single molecule fluorescence time trace is caused,
commonly, by the intensity to fluctuate among different levels, remain constant for
irregular periods, and then fluctuate again. For a two-state system, the transitions
occurred between high and low intensity levels and on time scale faster than the
experimental time resolution. The bright state and dim state are referred to a so called on
and off state, respectively. Methods®*® have been employed to identify an intensity
threshold that separates the on and off states, like a certain number of standard deviations
above the average background signal or the local minimum between the on and off
intensity peaks of the system’s intensity histogram. Below several research examples are
given regarding this approach. They show that single molecule intensity time trajectory
can be very useful to study the fluctuation of the system (dynamic disorder), the
heterogeneity of the system, and the interaction between molecules and their immediate
environments.

Xie et al. re-examined®® ®®"% conventional Michaelis-Menton mechanism for a
reaction catalyzed by an enzyme. They followed the enzymatic turnovers of single
cholesterol oxidase molecules in real time by monitoring the emission from the enzyme’s
fluorescent active site, flavin adenine dinucleotide (FAD)*. The fluctuation of the rate of
cholesterol oxidation was revealed after detailed statistical analysis of the turnover and
waiting time of the reaction. The dynamic disorder is shown by observing the apparent

fluctuation of the catalytic rates due to the interconversion among different conformers of

10



the enzyme, having various catalytic rate constants. With the understanding that the real-
time single molecule approach is able to extract the static disorder and dynamic disorder
of reaction rates that were obscured in ensemble-average experiments, they further
formulated the analysis® ®® of the kinetic scheme with sequential intermediates. Based
on the probability distribution function of on and off states, they derived a single-
molecule Michaelis-Menten equation and found a linkage between the conventional
macroscopic Michaelis-Menten model and the microscopic single molecule equations.

Recently, Peng et al. applied®" a similar analysis on the kinetics of redox
catalysis by single metal nanoparticles. Nanocrystals are important catalysts for many
chemical transformations and are known to be heterogeneous due to their structural
dispersions, and heterogeneous distribution of surface sites and surface restructuring
dynamics. Using a single nanoparticle single turnover approach, they studied the redox
catalysis of individual gold nanoparticles in solution by single molecule detection of
fluorogenic reactions”. They formulated the single molecule kinetic model of a
Langmuir-Hinshelwood mechanism for heterogeneous catalysis by single nanocrystals™
2. They also extended the approach to study size effect on the catalytic activity of gold
nanoparticles”, and electrocayalysis activity by single-walled carbon nanotubes™ and
demonstrated the power of single-molecule approach in probing the heterogeneous and
intricate workings of nanoscale catalysts.

Grondelle et al. developed a new statistical analysis technique™ to extract reliable
information, contained in large, discrete, and abrupt changes in the fluorescence signal

level, which was easily obscured by the shot noise. The changes, if they are shorter than

11



the binning time used in the collection of a time trace, contain hidden dynamical
information after averaging out by the binning process. They proposed a new approach to
resolve similar shifts between discrete intensity levels by using primarily multiples of the
standard deviation of the intensities. They performed single molecule level time trace
collections on isolated pigment protein light harvesting complex of plants (LHCII) and
utilized a algorithm that assign a signal intensity change in a time trace to a large number
of levels, rather than a simple two or three states. After the assigning, the intensity time
trajectory is reconstructed according to the discrete levels sorted by the algorithm to
remove the interference from shot noise. They showed that the popular two-state
approach may not be a reasonable one for a system that contains multiple chromophores
like LHCII. They further studied how the environment change™ (acidity of the aqueous
environment) accompanies the alteration of frequency of interchange between discrete
states in LHCII. The efficiency of light harvesting (the probability for LHCII being in an
on state) was found to be strongly affected by the local environment. In particular’, as an
acidic environment or a large incident photon flux is present, the efficiency of the light
harvesting was greatly reduced.

A Kkinetic scheme of monomer dimer equilibrium (Scheme 3.1) of MC540 was
proposed by Webb et al*®. It involves the interchange of two forms of MC540 monomers,
one parallel to the lipids, and the other one perpendicular, and only the parallel form is
directly linked to the formation and discomposition of dimers. It is likely that such kinetic
scheme is responsible for what takes place in our super-resolution microscopy of lipid

phases by using MC540 as a probe (see chapter 3). However, a more detailed analysis of

12



the single molecule intensity time trajectory of MC540 bound vesicles (see chapter 4) is

performed to elucidate the possible kinetic schemes involved in our observation.

13
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Chapter 2 Experimental Overview

2.1 Laser System

The continuous wave (CW) laser source used in the thesis includes a Kr* ion laser
(National Laser Inc.) for 568 nm and a He-Ne solid state laser (Melles Griot, Carlsbad,
CA) for 543.5 nm. If no other specification is made, the output horizontally or vertically
polarized laser beam is made circulary polarized for both excitation wavelengths by

quarter-wave plates. Appropriate excitaion filters are used for both lasers.

2.2 Single Molecule Intensity-Time Trajectory and Spectra Measurement

2.2.1 Single Molecule Confocal Microscopy

2.2.1.1 Principle

The key to conducting spectral measurement or optical microscopy at single
molecule level is the need to optimize signal to noise ratio®. The principle of confocal
microscope is briefly given here. In confocal microscopy, a pinhole is added to the image
plane of the objective to enable small excitation volume and removal of out-of-focus
signal to get high signal to noise ratio. The diameter of the pinhole determines the
absolute depth of field for a confocal image. The term “confocal” refers to that the
objective lens is used both for the illumination and the imaging of the sample. The

collimatd laser beam is focusd to a diffraction-limited spot at the sample plane. The depth
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resolution of a confocal microscope is approximately dz(3dB)=0.454/n(1-cosé, ), where 4
is the laser wavelength, n is the refractive index of the medium between the lens and the
focal point, 8, and is the half angle subtended by the lens at its focus. The transverse
resolution of a confocal microscope by the Sparrow criterion* is dy,=0.51/NA, where NA
is the numerical aperture and is given by NA=nsind,. A high NA objective lens (~1.3) is
usually used for single molecule detection. For =543.5 nm a NA=1.3 (oil) objective will
give dyy =213 nm. Raster scanning the sample stage underneath the laser spot is needed to
form image of the sample. Therefore, the scanning stage requires high spatial precision

and stability and is typically achieved by a computer-controlled piezo-electric stage.

2.2.1.2 The Setup

Scheme 2.1 shows the setup for the single molecule confocal microscope®?® used
in the thesis. The laser source as described above is used to provide continuous-wave
excitation at 543.5 nm. The excitation beam (green line in the scheme) goes through
appropriate excitation filters, is then directed by mirrors, passes through neutral density
filters to adjust the incident powers (usually around 40 micorwatts), and excites the
sample through a high NA (~1.3) objective (Nikon FLUOR 40x) that is coupled with a
peizo-electric stage (Queensgate) with closed-loop X-Y feedback for accurate sample
positioning. The stage and objective is mounted Nikon Diaphot 300 microscope. The
emission light passes through the same objective, goes through a pinhole, lens, notch
filter to get rid of the residual excitation light, and appropriate emission filter sets before

it is detected either by a sensitive Avanlanch photodiode detector (APD) for imaging and
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intensity trajectory or monochromator-attached charge coupled detector (CCD) camera
for spectra recording.

The APD used in our setup has an active detection area of 170 nm by 170 nm. The
high quantum efficiency of the APD (~70% around 500-700 nm) and high NA of the
objective maximize the collection efficiency of the emitted photons to enable single
molecule level detection. The dark counts of the APD detector is ~50 counts/s. The
instrument response time of the detector is ~250 ps. The detector signal is then sent to a
constant fraction discriminator (CFD). The CFD transforms the signal to transit-transit
logic (TTL) pulses. A computer setup coupled with a controlled by Digital Instruments

(DI) is then used to gather the signals for imaging purpose.

2.2.2 Intensity-Time Trajectory on Single Molecules

2.2.2.1 Principle

As long as a single molecule emitter has enough fluorescent quantum vyield,
confined spatially so it does not move transversely, and is photo-stable enough to endure
long-time exposure to excitation, it may be coupled with high signal to noise ratio
apparatus, such as confocal microscope with APD detector or TIRFM with wide field
CCD camera to perform intensity-time trajectory collection. Binning of fluorescent signal
to get the counts per unit time interval is usually required to get enough signal-to-noise
ratio for display and analysis. As any other single molecule microscopy, the coverslips
used in the experiment require excessive cleaning to give low to no background
interference. The goal for such trajectory is to record the changes of fluorescent intensity

27



with time due to the conformational change of the emitting molecule, photochemical
reaction associated with the change, or more complicated kinetics without the
interference from photobleaching or diffusion of probes. One thing to remember is that
the binning of fluorescent signal counts has to be properly adjusted so that it would blur
the underlying kinetics involved for the formation of the intensity time trajectory. For
example, if the presence of the on-state or off state happened on the time scale of
microseconds or faster, such information will be easily lost in a trajectory that has
millisecond time resolution. Usually a kinetic model is provided to get the solution for
on-time an off-time probability function to compare with the experimental result. In
chapter 4, such approach will be demonstrated as a way to verify what kind of kinetics

happens in the intensity time trajectory in our studies.

2.2.2.2 The Setup

Traditionally, a TCSPC card with FIFO function attached to a computer has been
a convenient way to collect intensity-time trajectory. In our lab, the TTL pulses from
CFD (mentioned above in the microscope section) are sent to a NI board (National
Instruments) with counter functions to achieve the binning of fluorescent counts against a
external timing from a functional generator. Our home-made LabView program enables
us to perform an image scan and localize on the fluorescent spot center for intersity time
trajectory collection. The analysis of the on-time and off-time of each trajectory can also

be performed on the go.

2.2.2.3 Data Processing and Analysis
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Scheme 2.2 shows what an ideal intensity time trajectory looks like. One can
easily notice that there are two signal levels®: one above (usually termed “on state”) the
threshold level and one below (termed “off state””). The threshold level in our system is
chosen to be always above the background level plus ten times of the shot noise from the
signal to ensure no false identification is present in our analysis. Each length of the on-
times and off-times is recorded separately and form a distribution function of on-times
and off-times. The probability distribution function differs for different kinetics involved
in the formation of the intensity time trajectory. Average on-time and off-time are
calculated and exponential fits to the probability distribution function are provided to
estimate the time scale and potential kinetics take place in the system. A home-made
LabView, Mathematica, or Matlab program is used to perform such analysis and

modeling.

2.2.3 Spectra Measurement

The fluorescence spectra were obtained on the microscope> * where the
fluorescence light is directed to a monochromator (Acton Research) equipped with a
back-illumination liquid nitrogen cooled CCD camera (Princeton Instruments, Trenton,

NJ).

2.3 Point Accumulation in Nanoscale Topology (PAINT)

2.3.1 Principle

In the PAINT method*, the object to be imaged is continuously targeted by

fluorescent probes present in the system. The appearance of each fluorescent spot
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depends on the interaction between the probe and the surroundings. Basically all single
molecule fluorophores have their own intrinsic property to cause them to blink (switch on
and off continuously). It may come from inherent photophysics, photochemical reactions,
or conformational dynamics. As long as in each frame, only fluorescent images of the
single molecules (well separated from each other by at least a distance close to diffraction
limit) used as probe are recorded as diffraction limited spots. These spots can be subject
to further 2D Guassian fitting to extract their centroid positions. It has been shown such
localization can get a spatial resolution close to 1 nm precision. These coordinates, which
shows where these molecular interaction occur in high spatial resolution, are then
gathered together from more than thousands of frames of images to display (synthesis)
the spatial distribution image of these fluorophores. Therefore, lots of conventional dyes
can be applied for nanoscale imaging as long as their interactions with specific
surroundings and the formation of intensity time trajectory are understood. A tailoring of
frame rates and experimental conditions can be made to record the blinking of single

molecule fluophores to form high resolution images that denote these interactions.

2.3.2 The Setup

The microscope® * is based on a commercial Olympus (Melville, NY) 1X81
inverted microscope and has been described previously. A circularly polarized Kr* ion
laser (568 nm) served as the excitation light source and was focused onto the back focal
plane of an oil-immersion objective (Olympus 60 < NA = 1.45). Fluorescence from the
sample was collected by the objective and directed to an EM-CCD camera (Roper

Scientific, Tucson, AZ; Cascade 512F) by means of a dichroic mirror and an appropriate
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set of band pass filters (Omega Optical Brattleboro, VT) to isolate the range 580 — 620
nm. A LabView (National Instruments) - based program was used to record sequences of
images with various exposure times, frames, and collection rates. All measurements on

the setup were conducted in TIRFM mode at ambient temperature (ca. 23<C).

2.2.3 Data Processing and Analysis

The image analyzing procedures?® for the PAINT method was described previously.
Briefly, the first step is identification of the fluorescent spots frame-by-frame and the
assignment of an approximate centroid coordinate to each spot. The latter assignment
greatly reduced the computational search for the centroid. The coordinates were then

refined by fitting each point spread function to two dimenstional Gaussian functions:

_ _ (x—x)° _ (y-vo)?
[=A, +Aexp( 202 202 )

, Where 1(x,y) is an intensity signal, Xo and y, are coordinates of the centroid, A, and A
are the background level and signal amplitudes, and oy and oy are the widths of the point
spread function. All computed spots were calibrated to stage drifting by coordinates of
gold nanoparticle in each frame and then collected on one image frame to form the so-
called synthetic image. The resolution was determined to be ca. 25 nm** and therefore
each spot was represented by a filled 25 nm diameter circle in the final synthetic image.
In brief, only spots delivering more than 100 photons were accepted for analysis and the
point spread function of our microscope has c=150 nm. All the image gathering and

analysis is done by a home-made LabView/Matlab program.
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2.4 Polarization Dependent Measurements

2.4.1 Principle

Each molecule has its unique dipole moment and the orientation of dipole moment
responsible for the emission and absorption can be probed by exciting a fluorophore with
linearly polarized light. Only fluorophores with dipole moment that are in line with the
direction of polarization of the incident light can picked up the excitation and shows up in

the corresponding fluorescent image.

2.4.2 The Setup

For wide-field epi-fluorescence polarization dependent imaging (section 4.3), our
setup is the aforementioned commercial Olympus (Melville, NY) IX81 inverted
microscope (section 2.3.2). Instead of operating under TIR mode, the linearly polarized
beam (horizontally or vertically polarized after combinations of quarter waveplates and
half wavveplates) was sent in through the objective directly (standard mode) and epi-
fluorescence is collected through the same objective. The image is captured by EM-CCD
camera (Roper Scientific, Tucson, AZ; Cascade 512F) through a home-made LabView
program.

For polarization dependent PAINT imaging (section 4.3), the setup is exactly the
same as the one in 2.3.2 except the excitation beam is now either vertically or
horizontally polarized sent in through TIR mode and gives p-polarized (X and Z direction
in laboratory coordinates) or s-polarized (Y direction in laboratory coordinates) excitation
evanescent wave.
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2.4.3 Data Processing and Analysis

For wide-field epi-fluorescence, the image is used directly for further
interpretation.

For polarization dependent PAINT imaging, the synthesized images (coordinates
of spots) are selected in cross-section through either X- or Y- direction and divided them
into ten bins spatially to perform histogram analysis. The number density distribution
profile is then compared with the one from circularly polarized excitation to see how the
spatial distribution of emitting dipole moments varies according to the preferential

polarized excitation.

2.5  Materials and Experimental Conditions

2.5.1 Materials and Sample Preparations.

Materials

Merocyanine 540 (see scheme 2.3 for the molecular structure of MC540) was
purchased from AnaSpect (San Jose, CA) and used without further purification. Lipids
(DOPC, 1,2-Dioleoyl-sn-Glycero-3-phosphocholine, DLPC, 1,2-dilauroyl-sn-glycero-3-
phosphocholine, DMPC, 1,2-Dimyristoyl-sn-Glycero-3-phosphocholine, and DPPC, 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine) were purchased from AvantiPolar Lipids
(Alabaster, AL) and used as received. Nile red was purchased from Invitrogen (Carlsbad,
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CA) and used as received. PBS buffer were from Fisher Scientific (Hampton, NH).

Chloroform was from Acros Organics (Geel, Belgium).

Sample Preparatons

Supported lipid bilayers (SLB) by vesicle fusion method for formation.

The preparation of large unilamellar vesicles and supported lipid bilayers
followed commonly used procedures®®. Lipid or lipid mixtures that contain either DOPC,
DPPC or 3:1 molar ratio mixture of DOPC over DPPC were dissolved in chloroform then
dried under a nitrogen stream and pumped for more than two hours to remove residual
chloroform. The lipids were re-suspended at 1mM in pH 7.4 PBS buffer and vortexed
vigorously for 1 hour prior to five freeze-thaw circles. They were extruded 20 times
through a 100 nm-pore polycarbonate membrane (Avanti Polar Lipids) at 60 <T for
DPPC or DOPC/DPPC mixture, or 25<C for DPPC. Here they formed large unilamellar
vesicles (LUV) solutions. The vesicle (LUV) solutions were then deposited on coverslips
held at 60 <T by a heated water bath. After 30 minutes, pH 7.4 PBS buffers pre-heated to
60 T were added into the dishes to keep the samples from drying over 90 minutes of
further heating. The samples were cooled to room temperature overnight by which time
the supported lipid bilayers were formed on the coverslips. Extensive washing with pH
7.4 PBS buffer removed residual lipids. The samples on the coverslips were then stored

in pH 7.4 PBS buffer.
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Large unilamellar vesicles (LUV, ~100 nm in size) by the standard extrusion method.
The preparation of LUV was done by the following procedure®: 1 mM lipid
solution in colorform in a glass vial was blow by constant nitrogen flow to evaporate the
solvent, leaving a dry phospholipid film on the internal surface of the vial. The vial was
kept under vacuum for 2 hour before the lipid film was then hydrated in 1 mL of
phosphate buffer (20 mM, pH 7.0) under continuous stirring at temperature above their
critical temperature for 90 minutes. The resulting multilamellar vesicles were subject to
five freeze/thaw cycles and extruded more than 20 times through 100 nm polycarbonate
membranes (Whatman, Florham Park, NJ) through a MIniExtruder (Avanti Polar Lipids).

Vesicles were used within 1 or 2 days of preparation.

Giant unilamellar vesicles (GUV) by the electroformation method.

The GUVs were prepared by electroformation®. 10 pL of 0.2 mg/mL lipid solution
in chloroform was deposited on indium tin oxide (ITO) coated glass and subsequently
dried by a nitrogen flow and in vacuum for 1 h. The GUVs were grown in an electric
field applied between two ITO coated glass plates separated by a 2 mm rubber spacer. A
10 Hz sinusoidal voltage was applied to the electrodes at 0.5 V/mm while the chamber
was filled with 0.2 M sucrose solution. The electric field was gradually raised up to 1.5
V/mm in steps of 0.1 V, applied every 5 min by means of a function generator, based on
an NI-DAC board (National Instruments). The growth of the vesicles was visually

monitored by differential interference contrast (DIC) microscopy. Vesicle formation was
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continued for 1 h at 1.5 V/mm. The GUVs were then gently removed by a syringe and

stored at 4 <C.

Nanobead —supported Bilayers
The sample is a gift from Yong-ho Kim from Degrado’s group. The preparation

procedure can be found in their publication®.

2.5.2 Experimental Conditions

For imaging experiments, a cylinder was placed on top of the coverslip on the
sample stage to confine the PBS solution (volume ~200 ul). The PBS solution is sucked
out before the addition of the probe solution. The probe solution was added to the sample
holder until the surface number density of fluorescent spots was optimized at 0.75 pm.
Note here only the amounts of probe molecules are increased without change the solution
concentration. Gold nanoparticles (50 nm) were added so that several of them were
visible in the field of view: they served as standards to correct for mechanical drifting of
the stage during the frame scan. Usually ~20K frames were recorded in 5 minutes.

For intensity-time trajectory collection, a cylinder was placed on top of the
coverslip on the sample stage to confine the PBS solution (volume ~1 ml). The PBS
solution is sucked out before the addition of the LUV solution. 30 minutes after the LUV
solution was added, the solution was removed and washed several times with PBS

solution to ensure the LUVs are well separated from each other on the glass surface. The
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MC 540 stock solution was then added to the sample vial with either 200 pl, 300 ul, 400
wl, 500 pl, or 600 pl of total volume of the stock solution. Note that the stock solution
used for different type of lipid differs so that the average off-time of the intensity-time

trajectory was observed for further analysis.

Coverslip cleaning procedure

Glass coverslips (Fisher Scientific) and cylinders (Bioptechs, Butler, PA) were
sonicated for over 1 hr in piranha solution (3:1 mixture of sulfuric acid and 30%
hydrogen peroxide) and followed by extensive washing and rinsing by UltraPure water
(Millipore, Billerica, MA) to suppress background fluorescence. A high voltage UV lamp
is used to bleach organic contaminants by irradiating the cleaned coverslips for more than

30 minutes.
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Schemes for Chapter 2:
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Scheme 2.1. The experimental setup for the single molecule confocal microscopy

used in our studies.
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Scheme 2.2. An ideal intensity time trajectory. The dashed line denotes the threshold

level to separate the signals into on or off states.
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Scheme 2.3. Molecular Structure of Merocyanine 540
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Chapter 3 Super-resolution Microscopy of Lipid Bilayer Phases

3.1 Introduction

The goal of visualizing the nanoscopic sphingolipid/cholesterol-rich domain®® in
natural membranes has stimulated numerous investigations either by direct visualization®
4 or indirect inferences” ® ** from the tracking of diffusing probes. Direct methods

include electron microscopy of cell membranes® *3, atomic force microscopy (AFM)” &1

of supported lipid bilayers, fluorescent probe microscopy® 0111718

of different phases,
coherent anti-Stokes Raman microscopy® of lipid domains, X-ray scattering*, and
NanoSIMS® 2. Nevertheless visualization or systemization of such domains (rafts),
assumed to vary from tens to several hundred nanometers™® in cell membranes?, * * 8,
remains challenging. In this chapter, the “points accumulation for imaging in nanoscale
topography” (PAINT) method"®, which has sub-diffraction resolution, is combined with a
lipid phase-sensitive probe merocyanine 540 (MC540 hereafter), to illustrate that
nanoscale phase separations on a supported lipid bilayer (SLB) can be visualized by this
method.

The PAINT method of Sharonov and Hochstrasser*® is based on the accumulation
of centroid coordinates of single molecule fluorescence images. The lateral resolution is
~25 nm*®. The processing procedure is similar to that first introduced in the PALM?

imaging method and subsequently in STORM?:: the fluorphores are switched on or off

between frames and the coordinates of a subset of fluorophores in each frame are
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obtained. The point spread function of each molecule is then fitted to a two dimensional
Gaussian to determine its peak coordinates. By accumulating coordinates from many
frames, an image of points is constructed that represents the spatial distribution of
fluorophores. The PAINT method™ is conceptually different from the aforementioned

2021 in that it relies on the control of thermal reaction rates to

subdiffraction methods
enable the switching between bright and dark states. Therefore, many conventional
fluorescent probes can be applied in PAINT and the type of image will depend on the
control of the interaction between the probe and its immediate environment by variations
of probe parameters. The PALM and STORM methods use external laser switching of
photoactivable probes in combination with photobleaching. One useful example of
PAINT has used Nile Red™, which has a distinctive fluorescence signal when associated
with micelles and lipid bilayers but is only weakly fluorescent in water. Therefore, it has
been used to obtain sub-diffraction images of vesicles, and super-resolution contour maps
of supported lipid bilayers'®. The switching of the Nile Red between bright and dark
states is dependent on its flux to into lipids and by photobleaching®. However, the
fluorescence of Nile Red has not proven to be sensitive to the phase of the lipid.

Therefore we have sought other possible probes of that will provide PAINT images of

lipid phase domains.

3.2 Properties of Merocyanine as a probe in lipids

2421 and has voltage sensitivity?® %,

Merocyanine 540 is sensitive to lipid structure
so it has been widely employed as a probe particularly for the measurement of membrane
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potentials®. It has been applied in epifluorescence microscopy to image phase domains in
supported lipid monolayers®. Its absorption and fluorescence in aqueous and nonpolar
lipid environments are distinctive®**. It emits very weakly in aqueous solution compared
with lipid which makes possible single molecule experiments on lipid bound probes.

In aqueous solution containing lipid bilayers, MC 540 migrates to the hydrophobic
regions?® 3 %2, Above a certain [Lipid]/[MC 540] threshold®3* %3¢ it mainly exists as
monomers or dimers in the lipid. The dimer form is prevalent in most lipids but the
equilibrium is sensitive to the lipid packing order. The apparent dimerization equilibrium
constants (ratios of the dimer concentration to the square of the monomer concentration)
in phosphatidylcholine (PC) suspensions are in the range of 10° to 10° M™, depending on
the lipid packing, temperature, and [lipid]/[MC 540] ratio®" 33" ® The kinetics leading
to the attainment of the monomer-dimer equilibrium have been studied by several
research groups?® 3132 %39 The presence of two forms® of the monomer is indicated:

one with its approximate pi-electron plane parallel (M) and the other perpendicular (A£,.)

to the membrane surface. The dimer is oriented with its monomer planes parallel to the
membrane surface. The kinetic parameters introduced in Scheme 3.1 are supported by
several studies® 3"32% and those for MC 540 in PC vesicles® ** are typical. The present
experiments are conducted at concentrations suitable for isolation of single molecules of
monomeric MC 540, where the ratio [lipid]/[MC 540] is very large. According to

previous studies?® 27 3% 35-38.40

, the monomer-dimer equilibrium exhibits sensitivity to the
lipid phase. These properties render MC 540 a potentially useful probe of membrane

domain structure.
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3.3 Spectra measurement results of MC540 in liposomes

The monomeric form of MC 540 in liposomes absorbs at 570 nm and emits at 590
nm #* 3% The fluorescence yield of monomeric MC540 is reported as 0.6 in DMPC
liposomes and micelles while in water it is 0.05°". Dimeric MC 540 in liposomes absorbs
at 540 nm and emits with low yield at 625 nm® *, In the present work, fluorescence
spectra were recorded for DOPC SLB and DPPC SLB containing MC 540. The details
for the materials, preparation of samples, and confocal microscopy setup used for the
spectra measurement are given in the chapter 2. The emission spectra (Figure 3.1A and
3.1B) match those reported for monomeric MC 540. The concentration used in these
fluorescence spectra measurements was 10 times higher than in the PAINT experiments
and only monomer fluorescence was seen. The fluorescent intensity of MC 540 in DOPC
SLB is ca. 8 times larger than that in DPPC SLB when the same amount of MC 540 is
added as seen from Figure 3.1A. When an additional volume of the MC 540 stock
solution is added systematically to the DPPC SLB sample, the fluorescent intensity
increases (see Figure 3.1B). The same effect was found for the DOPC SLB sample (data
not shown). The spectral shape is not concentration dependent within our signal to noise.
The dimer emission is never identified because of its weakness. The spectra (Figure 3.1)
are reported 10X the concentration used for the PAINT experiments in order to provide a
reasonable signal-to-noise for display. These results suggested that the monomer-dimer

equilibrium of MC 540 in the lipid phase is influencing the observed fluorescence
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intensities. This conclusion is further supported by the intensity increases being
proportional to the square root of the volume added (see Figure 3.1B and 3.1C).

The fluorescence decay of MC 540 in liposomes® *® has a 2 ns component,
attributed to the perpendicular monomer, and a ca. 800 ps component from the parallel
monomer. The amplititude ratio of the longer to the shorter lifetime component is greater

than 6 in the liquid phase LUV and 1.5 for the gel phase™. Therefore, these photophysical

14, 24 |31, 32

parameters and the kinetic measurements by Verkman et a support the
conclusion that the major emitting species exhibiting stronger fluorescence in the liquid

compared with the gel phase LUV is the perpendicular monomeric MC540.

3.4 Imaging results and discussions

For a given concentration, the number density of monomeric MC 540 should be
higher in the liquid phase where Ky is around 4x10° M™, than in the gel phase where K
is approximately 1.7x10° M™ 33237 |t is evident from the absorbance peaks at 570 nm
and at 540 nm that the gel phase LUV (large unilamellar vesicle) has a larger

dimer/monomer ratio at equilibrium than the liquid phase LUV?* %3 34

, although the dimer
is the predominant form of lipid associated MC540 in both cases. On the bilayer
(DOPC:DPPC=3:1) principally studied here, the liquid phase region is calculated to have
a larger number density of monomeric MC 540 than the gel phase region (see Figure
3.2B). The monomer concentration equals the square root of the dimer concentration

(which involves almost all of the added MC 540 molecules under the present conditions)

divided by the equilibrium constant. Therefore, the integrated fluorescence intensity
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(from Figure 3.1C, red curve) and the number density of bursts (from Figure 3.2A, red
and green curves) should vary as the square root of the volume of MC 540 stock solution
added, which determines the total number of MC 540 molecules in the sample. The
influence of a monomer-dimer equilibrium of this type is evident from these observed
fluorescence intensities.

The PAINT sub-diffraction microscopy utilizes the stochastic appearance of
fluorescent bursts from single molecules. Given the parameters in Scheme 3.1, the

species M;, has mean existence time of ca. 3ps whereas A, survives for an average time

of 3 ms. Both these periods are considerably shorter than the framing time of the present
experiment which is 16 ms. Therefore a particular monomer signal does not show up in
successive frames. The synthetic image shown in Figure 3A, is composed of the
distribution of fitted points at which single molecules appear (visits). The image projects
the spatial distribution of monomeric MC 540 on the DOPC/DPPC, 3:1 supported lipid
membrane (The SLB preparation is described in the Chapter 2). Such images could be
constructed in less than 90s by accumulating ca. 10° points from 7500 frames. Each point
represents one visit of a monomeric MC 540. The total number of spots displayed in
figure 3.3A is kept high enough to reveal domains whose sizes are larger than or close to
the diffraction limit. As will be demonstrated below, the nano-domains become more
clearly identified when more spots are accumulated. Nevertheless it is evident from the
image in Figure 3.3A that there are both bright and dark spatial regions. Three regions
having different number density of monomer appearances from Figure 3.3A can be

defined. They are: the liquid phase region, which has the largest number of visits; the gel
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phase region; and the coverslip region, which has the lowest number (see Figure 3.2A).
In contrast, the accumulated TIRFM image at the diffraction limit is blurred (Figure
3.3B). The ratio of the number density of monomeric MC 540 in the liquid phase over
that in the gel phase region is determined (Figure 3.2A) to be ca. 3, consistent with the
prediction from the liposome dimerization constants data (Figure 3.2B).

Experimental results are discussed below where Nile Red and MC540 were used
successively on the same lipid. The Nile Red was first used to obtain a PAINT image
then the sample was repeatedly washed with PBS solution to remove all trace of Nile Red
emission after which MC 540 was added. Gold nanoparticles were used to calibrate any
drifts of the stage during this procedure. The lipid is expected to spread spontaneously
over even rough or scratched parts of the glass surface if the regions are hydrated.*

Gel phase domains smaller than 100 nm were seen when ca. 50,000 frames were
accumulated at a number density of ca. 0.6 pm™. Rainbow colors are used in Figure 4 to
emphasize that there are regions having fewer bright spots per unit area. In contrast, Nile
Red microscopy carried out on the same spatial region, displayed a homogenous
distribution of emitters (Figure 4A). When MC 540 is used as the probe, Figure 4B, the
emission patterns are heterogenous with bright and dark regions being clearly seen. The
darker regions are identified as gel phase domains of DOPC:DPPC 3:1 SLB. There are
several nanoscopic domains present in the image. To the best of our knowledge, this is
the first time that such nanoscopic domains have been observed using an optical

microscope.
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The phase diagram*? for the composition of DOPC:DPPC indicates that it is a
mixture of gel and liquid phase for DOPC:DPPC=3:1 at ambient temperature. The
morphology of supported lipid bilayers of DOPC:DPPC=3:1 on a glass coverslip was
studied by means of AFM by Burns®. It was confirmed that there is coexistence of liquid
and gel phase®®, and that the dimension of the gel phase domains range from tens of nm
to mm. The optical microscopy presented herein is entirely consistent with the AFM.

At the concentration of MC 540 in the lipid and the light intensity used,
monomers would require to be localized for at least ca. 0.5 ms to form a single molecule
image. Therefore the model envisaged has the monomers immobilized, perhaps by
locking the charged SO2- group to the polar surface of the bilayer (The molecular
structure of MC 540 is shown in the scheme 2.3). But the photon burst time must be short
compared with the frame time of 16 ms because successive images are not spatially
correlated, even at the lowest power. The monomer signals are assumed to appear as a
result of dissociation of the nonfluorescent dimers. If lateral diffusion of localized
monomers tracks the lipid diffusion of ca. 6 to 8.3 pm™s™ the image would not be blurred
if the burst time were ca. 2 ms or less. A reversible photo bleaching might contribute to
this burst.

The kinetic processes underlying the PAINT signals were also evaluated by single
molecule measurements in a confocal geometry. The single molecule spots show
telegraph signal trajectories having a mean on-time of 3 ms independent of the
concentrations (see the figure 4.3 from chapter 4). The much longer (10-100 ms) mean

off-time is dependent both on the MC540 number density and on the type of lipid. These
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results are consistent with but do not prove that the monomers are undergoing
equilibrium Kinetics of the type expected from Scheme 3.1. We confirmed that the
number density of monomers in the gel phase is lower than in the liquid phase for the
same total number density of MC 540 in accord with the conclusions drawn from the
TIRFM measurements. This part of result and discussion will be detailed in chapter 4.
Conventional photophysical steps are too fast to account for the observed on and
off trajectories. Fluorescence correlation?> of MC540 in ethanol showed that trans-cis
isomerization and triplet state formation take place on the ms and ns and time scales
respectively, both shorter than the ms frame time of the present experiments. Although
the isomerization might be slowed down by the lipid it is unlikely to be concentration
dependent as is the slow off-time measured in this work. Moreover, MC540 molecules
may photobleach by forming non-fluorescent states that recover the ground state of the
fluorescent MC540 on the ms time scale by pathways that depend on the coupling
between probes. While it cannot be ruled out that the isomerization might be slowed
down dramatically in the lipid or that other photoproducts are involved, the processes that
contribute to the phase separation imaging would require to have a number of essential
features, as discussed above: a ms relaxation time; an off-time that depends on the
number density of MC540; and a variation of these properties with the lipid phase. The
number density dependence ensures that the process is not a simple two state

equilibration between a fluorescent and nonfluorescent state.
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3.6 Conclusion

It was shown that the PAINT method of super-resolution imaging using the dye
MC540 is useful for imaging nanoscale phase domains in binary lipid bilayers. The
monomer-dimer dynamic equilibrium of MC 540 in lipids is essential to the repopulation
of photobleached monomers. The distinction between lipid phases arises because the
average number density of fluorescent monomeric MC 540 molecules in the liquid phase
of the supported lipid bilayers is ca. 3 times larger than that in gel phase. The synthetic
image (the PAINT image) was obtained by superimposing all fitted single molecule
points and applying pseudo color mapping, thereby revealing phase separation of
DOPC:DPPC 3:1 at subdiffraction resolution. Many nanoscopic domains of the gel phase
were seen. The extension of this method to other binary or ternary lipid model or natural
systems provides a promising new super-resolution strategy.

A variety of probes have previously been employed to image phase separation by
optical microscopy®. They are now obvious candidates for PAINT microscopy. However,
MC 540 is unique in that it does not appear to rely only on the population partitioning
between phases but on the phase dependence of the monomer-dimer equilibrium. The
lipids contain both monomeric and dimeric forms of MC 540 present in dynamic
equilibrium and the large excess of dimer serves as the reservoir for the fluorescent,
monomeric MC 540. Therefore, the single molecule fluorescent spots can be collected

sparsely in each frame as required by this type of sub-diffraction optical microscopy.
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Schemes for Chapter 3:

k, ~300s7" k,~250000s"
Id

2M, 2M, M,

&

h 4

k_ ~1200s! N kw7500

Scheme 3.1. Kinetic Scheme for the Dimerization of MC540 Molecules in Liposomes
M | is the monomer that is perpendicular to the membrane surface, My, is parallel to
the membrane surface as described in the text, and M, represents the dimer of MC
540. The rate constants are from refs 31 and 32, and are only estimates for the present

single molecule conditions
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Figures for Chapter 3:
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(B)
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Figure 3.1. Fluorescence spectra of MC 540 in lipid bilayers.

(A) Fluorescence spectra of MC 540 (10 M) in DOPC SLB (black curve) or DPPC
SLB (red curve) with 543.5 nm excitation. (B) Fluorescence spectra when increasing
the volume (V) of MC 540 stock solution ([MC 540] =10'° M) added to DPPC SLB
(IMC 540] by factors of 2 (lowest spectrum), 3, 4 to 5 fold (upper spectrum). (C)

Integrated fluorescence intensities (1) from (B) , The red curve is the fit to the function

I= constant V2.
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Figure 3.2. Comparison of populations of fluorescent monomers in the liquid and gel

phases.

(A) Variation of the number density of single molecule bursts with volume of MC 540
solution ([MC 540] =10 M) added to solvent free DOPC SLB(*), DPPC SLB (o),
or cleaned glass coverslip (o). The red and green curves are the fits to the square root
dependence on the total number of MC 540 molecules added. The blue curve shows
there is no variation of the number density on the glass coverslips. The number

density of single-molecule bursts on the cleaned glass coverslip was ~0.01 um
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(Continued figure 3.2) (B) Predicted MC 540 monomer concentration for liquid- (red
curve) or gel- phase (green curve) phase liposomes as a function of total concentration
of MC 540 based on the equilibrium dimerization constants for MC 540 (Kq= 4x10°

M for liquid phase or 1.7x10° M™* for gel phase liposomes®" %> ")
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(A) o

(B)

Figure 3.3. Comparison of PAINT and TIRFM images.

(A) Synthetic PAINT image from the coordinates of each single molecule burst
of monomeric MC 540 on supported lipid bilayers (DOPC:DLPC=3:1). G
denotes and highlights gel phase and L denotes liquid phase regions. (B) TIRFM
images on the same region as (A) (sum of ~8000 frames). The PAINT method
reveals the phase separation regions not seen in the TIRFM measurement. The
PAINT procedure used to create image (A) eliminates spots that fail to satisfy
criteria of sufficient photon number and aspect ratio’®. These manipulations,

combined with the loss of resolution and the difference in
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(Continued from above) fluorescence intensity between gel and lipid phases,

render image (B) more blurred than expected from simply a decrease in

resolution.
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Figure 3.4. Comparison of Nile Red and MC 540 super-resolution images.

(A) Rainbow color mapped PAINT image of DOPC:DPPC=3:1 SLB with Nile

Red as the probe. The gel and liquid phase regions are not resolved in the image.
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(B) Rainbow color mapped PAINT image of the same region as the same
sample in (A) using MC 540 as the probe. The nanoscale phase separation
domains are clearly revealed in the image. Scale bar: 200 nm. When plotted
using a full color scale, the image becomes spiky in the liquid-phase regions
due to variations in the number of bursts per unit area and fails to reveal the
nanoscale phase separation regions. Instead, the white color in the figure is used
to represent those liquid regions with more than five bursts per unit area. The

number density of bursts is 490 nm™.
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Chapter 4  Monomer-Dimer Equilibrium of Merocyanine 540 Probed by Single

Molecule Kinetic Studies

4.1 Introduction

Merocyanine 540 is known to be sensitive to lipid structure and voltage'”.
Particularly, it has been widely employed as a probe for the measurement of membrane
potentials®. It has been applied in epifluorescence microscopy to image phase domains in
supported lipid monolayers®. Recently, it has been applied to image nanoscale phase
separation® of lipid bilayers with Point Accumulation in Nanoscale Topology (PAINT)
method, previously developed by Sharonov and Hochstrasser’. It has been considered the
emission characteristics of MC540 in various lipid phases and the membrane potential

%19 and also distribution of

sensitivity come from the altered monomer-dimer equilibrium
two forms of monomer, parallel or perpendicular. Yet unambiguous evidence is still
missing to support the conjecture that the equilibrium and two forms of monomers
distinct the emission characteristics in various lipid phases. Therefore, we sought out to
gather further supporting evidence for what is behind the scene of the emission species of
MC540 in lipids of various phases by resorting to single molecule spectroscopy studies.
Webb et al.® proposed that the voltage dependence of MC540 is associated with the
equilibrium between monomers, oriented either parallel or perpendicular to membrane

surface, and dimer (parallel to membrane surface) based on their polarization studies of

MC540 in cholesterol bilayer membrane (see Scheme 4.1 for illustrative showing of
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locations and orientations of monomers and dimers of MC540 in lipid membranes). Ever
since their work, researchers" * '' have continued the idea that monomer dimer
equilibrium is the main source of voltage sensitivity and lipid phase sensitivity.
Verkman'* " et. al. did kinetic studies on MC540 in membranes to find out the binding
kinetics of MC540 from aqueous solution to membranes, and the relative position and

' et. al. performed a series of

orientations of monomer and dimer. Bernik> '"
photophysical studies on MC540 in lipid or gel phase. In short, their findings suggested
that the monomeric form of MC540 resides close to the lipid head group, and monomers

are in large perpendicular to the membrane surface (/). To form an anti-parallel dimer,

the monomers have to migrate to a deeper position in the membrane and reorient itself
into a parallel form of MC540 (M)). The dimers (M; or D) are parallel to membrane
surface and in a position closer to the surface compared to the perpendicular monomers
(see Scheme 4.1 for illustration of the relative positions and orientation of monomers and
dimers in membrane). The monomers absorb at 570 nm and emit at 590 nm"'* . The
fluorescent quantum yield of monomeric MC540 is reported as 0.6 in lipid environment,
while it is 0.05 in aqueous surroundings’. In contrast, the dimeric form of MC540 in
liposomes absorbs at 540 nm and emits with a fairly low, yet noticeable quantum yield
only in the gel phase™'" ',

It is therefore quite intuitive to conclude as in the previous chapter and in the
scheme 3.1, that the perpendicular monomer of MC540 is the emitting species (or say,

the on states) of the bursts, while the dimers are responsible for the off states as the bursts

disappear. However, since MC540 as a probe combined with the PAINT method serves
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as the first example for phase sensitive super-resolution microscopy, it is worthwhile to
gather more concrete evidence for the emitting species and the underlying kinetics
leading to the on and off states. To achieve this goal we resort to kinetic studies on the

single molecule level and polarization dependent imaging.

4.2 Single molecule kinetics

Single molecule kinetic study based on fluorescent intensity time records has been
a powerful tool'“® to remove the ensemble average, and gather detailed information
regarding static and dynamic heterogeneity, transition between different function states,
probability distribution function, and evaluation of kinetic scheme of a system. The
recent progress of single molecule kinetics advances is given in the chapter 1. The
background of possible kinetic schemes for the analysis of intensity-time trajectories is
provided here to serve as a basis for further discussion. The unit for discussion of
chemical kinetics on single molecule level is the time-dependent probability of a single
molecule dwelling in a specific chemical state, rather than the concentration of chemical
species. Four possible kinetic schemes (Scheme 4.2) are discussed in the following. The
prediction of the on-time (7,,) and off-time (z,y) probability distributions for these kinetic
schemes is given as below.

As previously introduced in chapter 1, for intensity-time fluorescent trajectories,
the fluorescent signals constantly jumps between background and certain signal level.
The trajectory would appear as a series of fluorescent bursts in between dark periods. The
lengths of both fluorescent bursts and dark periods are stochastic, and yet they are
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associated with the underlying kinetics that guide the switching between on and off states.
The experimental values of 7,,, 7, and the probability distributions can be obtained from
the intensity time trajectories. The trajectories can also be evaluated by theoretical
prediction®*» # 2% 242% haged on the proposed kinetic schemes and the rate constants of
each half reaction.

kp4

4.2.1 4 B, two-state system
%

kAE

kEA
For the single molecule scheme A B, the system jumps between states A
%

kAB

and B stocastically with forward rate constant kzs and backward rate constant kyp.

Assuming that state A is the fluoresent state (on state) and B is non-fluorescent state (off

kBA
state), the system following the kinetic scheme of 4 B will appear switching
(_

kAB

between on and off state stochastically. The rate equations for the kinetic scheme are as

the following:
dC (¢
c;t( ) =—k,,C,(t)+k,;Cy(t)
dC,(t
% =k, Cy (1) =k 5, Cp(2)

where Cy(t) and Cp(t) are the time-dependent amount of molecules of the system being in
the fluorescent state A and non-fluorescent state B, respectively. If we are aware of the
total amount of molecules added into the system, then we may divide these equation with

Cr = Cy(t) + Cp(t). The equations become
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M =—kp, [1 () +k 5[5 (2)
dt

de © = kBAfA ()- kABfB )
dt

fa(t) and fp(t)are the time-dependent probability of the system being in the fluorescent
state A and non-fluorescent state B, respectively. The forward rate constant is kg4 and the
backward rate constant is k 45. To predict 7,, and 7,5 distributions, the corresponding half
reactions shall be considered as below. The z,, distribution P,,(?) is termed the on-time
probability density distribution function and can be determined by considering: P,,(?)At is
the probability for the system to switch from on state to off state at time t, which yields

P,.(t)At =Afp(t) (gained probability of system switching to state B from state A). Then

Afp(t) = kpufsAt stands because of the 4 —*1 5 B half reaction. Based on the 4 —2+ > B
half reaction, % =—ky, [, () . f,()=e" | so P (t)=k,e™ . Similarly,

Py(t)=k €™ can be obtained. Therefore, the above results show that both P,,(?) and

kBA )
Py(t) for the kinetic scheme A4 B would exhibit single exponential decays with

kAB

rate constants of kz, and k,p. The mean on-time <z,,> and mean off-time <z,;> can be

obtained by using <7, >= J tP (t)dt= kL ,and <7, >= J tP, ()t = kL

BA AB
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kDM
4.2.2. M+M D, monomer-dimer equilibrium
<—

k MD

The rate equations for the kinetic scheme are

dC_ (t)

s —k,, C* (t)+2k, C,(f)
dC (1) 1
2=k, Co1) +5kDMCj4 (t)

where Cy(t) and Cp(t) are the time-dependent amount of the system being in the
fluorescent state M and non-fluorescent state D, respectively. In the kinetic scheme, all
monomers are deemed equal. That is, they all emit with the same quantum yield after
they are excited while dimers are responsible for the dark periods. By introducing Cr
(total population of merocyanine 540 molecules added to the system) as Cyr = Cy + 2Cp
(all merocyanine 540 molecules added are either in monomeric or dimeric form as they

bind to the lipids), the rate equations can be rewritten as:

% =k Co f2(0) 4 2K £ (1)
df,() __ 1 :
dt - kMDfD(t)+ 2kDMCTfM (t)

where C7 is a time-independent entity since total amount of the molecules in the system
is fixed (because we do know how many molecules we add in the system, therefore it
does not vary with time), and fy,(?) and fp(?) are the time-dependent probability of the
system being in the fluorescent state M and non-fluorescent state D, respectively.
Precisely,  fu(t)= Cwu(t)/ Cr and  fp(t)=Cp(t)/Cr. It follows  that
P, ()At= £, (t)At =k, f, [ (t)At and therefore P, (t)=k,, C,fo(t) . From the half
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reaction M+M—*2>D | one can get f, (f)=—k,,C,fo(t) , and hence

fu ()= ! . It follows that P(m(t)=%kD C ! . Since the

kpy, Crt —Const ver (kp,,C,t —Const)’

integrated probability of probability density function of the on times should be one, one

may use

1 1

P (tdt=1==|k,, C t to et

I on(OH 2 I o {(kmcﬂ —Const)’ Jd s
1 1
1=- = Const=— Therefore,
2k,,,C, —Const 2k, C
1 1 o .

B0 = koG 1 and  (z,)= [, (0di . Similarly,

(kDM CTt + 7)2
2k, C,

P ()AL= fD (H)At=k,,, f,(t)At holds true for the off time probability distribution

function. From the half reaction M +M«———D, one can get f, (t)=e “'. Therefore,

P, ()= k,pe " and < Ty >= I tP,, (t)dt = kL . The off-time probability distribution
MD

function for the kinetic scheme would follow a single exponential decay function and the

mean off-time would be 1/kyp.

#} %
4.2.3. 4 B B+B D
o N

Even though from the scheme and discussions from the previous chapter, it seems
that making the assumption that state A is the fluorescent state and is from the
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perpendicular (to lipid membrane surface) form of monomeric MC540 with B being the
parallel form of monomeric MC540, and D being the dimeric form. Both B and D are the
dark, non-fluorescent states. Here such assumption is not applied so that the analysis
based on the kinetic scheme can be used to help examine what form of monomeric
MC540 shall be deemed responsible for the fluorescent bursts in the phase sensitive
nanoscale super-resolution microscopy in the previous chapter. Therefore, here we only
assume that state A, the fluorescent state, is one form of monomeric MC540, and it does
not directly link to the formation of dimers, state D. Formation of dimers has to go

through another non-fluorescent state B, which is another form of the monomers.

. . . BA ) DB )
The rate equations for the kinetic scheme A B B+B D
kAB kBD

would be
% =—k, C () +k C,(1)
0 k04, € iy €+ 2h,C, 0
o) i Co(0)

with Cy(?), Cp(t) and Cp(t) being the time-dependent amount of molecules of the system
being in the fluorescent state A, non-fluorescent state B and D, respectively. Here we
introduce the time-independent constant Cy = C4,+Cpt+2Cp. The rate equations can be

rewritten as
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ar,(@ _

d __kBAfA(t)+kA3fg(t)

t

dfgt(t) = _kABfB (0)+ kBAfA (1)- kDBCTfBz + 2kBDfD(t)
A, 1, .

7 - B kDBfB kBDfD(t)

where f4(2), f3(1) and fp(?) are the time-dependent probability of the system being in the
fluorescent state A, non-fluorescent state B and D, respectively. Here f4(2)= C4(?)/ Cr, fp(t)

= Cp(t)/ Crand fp(t) = Cp(t)/ Cr. It follows that

P (At=-Af () =k, f ()AL= —%At
N ~ky f = f ()=
dt

P () =kye "

and therefore <t0n>=i. The on-time probability distribution function for the kinetic

BA

scheme would be single exponential decay functions. For the off-time probability

distribution function, one can get

})f)ff(t)At = AfA(t) = kABfB(t)At
Po_ff(t) = kABfB

/5 1s associated with the following differential equations
! 2
fB = _kABfB - kDBCTfB + 2kBDfD
1 ,
fD = EkDBCTfB _kBDfD
However, there is no exact analytical solution for fz. One can obtain the numerical
solution for fz using constants in the differential equations associated with different initial
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conditions. If we assume we can distinguish how the initial conditions are, we may work
out numerical solutions for various initial conditions. For example, if we assume that the

system starts with the total population being in the non-fluorescent state B (that is,

f3(0)=1,£.(0)=0), we can use such initial condition to obtain the numerical solution of
f* by numerically solving the differential equation in any given mathematical softwares.

Here we denote such initial condition where initially the system is in the state B by

adding a symbol B as a superscript. Similarly, by using the initial condition

of /,(0)=0, f.(0)=1, we can obtain f:. Therefore, we can still get numerical value for

the probability distribution function of the off times by assigning different initial
conditions. For the two initial conditions we discussed above, by numerically solving the
differential equations, we can get

Py =k, f(f,(0)=1£.(0)=0)

P =k, (f,(0)=0,1.(0)=1)
where the superscript denotes where the population of the system initially is. Furthermore,
if we are aware of how the equilibrium population of the system being in the non-
fluorescent state B or C, then we can get the numerical value of the probability

distribution  function of the off-time at any given time by using

P ﬁ.(t)zP;qli;(t)-i-Pg"Po;(t) where the superscript eq denotes the population at

equilibrium. This way, one can still get mean off-time and off-time probability
distribution function. Below we take this further by going over how one can get the

values of the rate constants needed to numerically solve the differential equation.
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Starting with the dimerization equilibrium constant Ky,

C
K,= —Dz
(C,+Cy)
: e dCc, dC ,
one can assume the system is at equilibrium and therefore —24 =0 :TtB = TtD. This,

combined with the above differential equations of the kinetic scheme, will give that

k,C,=k,C, k,C=k,C,

AB T B’ DB~ B

k k C?
cAzk_ABCB; CDZ_ZB B

B4 BD

kDB 2
DB (¢
k »() k 1

Kd = ZD > — kﬂT
(1+AB] co 7 £1+AB]
kBA kBA

2
k
k,, szD[Hﬂj K,

BA

Therefore, given the ratio of the different form of monomers and the dimerization
constants, one can get the parameters needed to numerically evaluate the off-time
probability distribution function. To give a brief idea what the off-time probability
distribution function would behave for the kinetic scheme, we give the numberical
solution here. By using rate constants and parameters that fit our experimental conditions,
typical off-time probability distribution function for the kinetic scheme shows a profile
that resemble a decay function with two exponential component, short one below 3 ms

and long one around tenths of ms. The mean off-time ranges around 10 ms to over a
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hundred miliseconds. The exact results of the numerically solved off-time probability
distribution functions will be shown in section 4.3.

k k

#} #}
4.2.4. 4 B A+ A D
k45 k4D

Similar to the assumptions we made in 4. 2. 3. Both B and D are the dark, non-
fluorescent states. Here we assume that state A, the fluorescent state, is one form of
monomeric MC540, and it directly links to the formation of dimers, state D. Formation of
dimers does not go through another non-fluorescent state B, which is another form of the
monomers.

The rate equations for the kinetic scheme would be

dC (t
%: BA A(t)+ AB B(t) kDACfl+2kADCD(t)
dc, (1) _
" BA A(t) AB B(t)
dc () 1
#zzkmcj AD D(t)

with Cy(?), Cp(t) and Cp(t) being the time-dependent amount of molecules of the system
being in the fluorescent state A, non-fluorescent state B and D, respectively. Here we
introduce the time-independent constant Cy = C4,+Cpt+2Cp. The rate equations can be

rewritten as

dfdt(t) —k, f,(O)+k  C.(t)- kDACTCj+2kADfD(t)
i d() koS (O f, (0

ar, (1) 1

7 DA Tf kADfD(t)
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where f4(?), fp(t) and fp(?) are the time-dependent probability of the system being in the
fluorescent state A, non-fluorescent state B and D, respectively. Here f4(2)= C4(?)/ Cr, f5(2)
= Cp(t)/ Crand fp(t) = Cp(t)/ Cr. It follows that

P (DA ==AF (1) =| Ky, f () 4y Cof* A

Ja=—Fsuf = Cr S
. If £4(0) is known, then the analytical solution for f; is

f (l) — kBAfA(O) .
! L(kBA + kDACTfA (0)) ekBAt - kDACTfA (O)J

The on-time probability distribution function for the kinetic scheme would be

K’ C.f, 0)k* k,,
P (0= o + -
L(kBA + kDACTfA (O)) e - kDACTfA (O)J |:(kBA +kDACTfA (0)) el - kDACTfA (O)T

To find mean on-time, one can use

ln(kBA + kDACTfA (0)]
k

<ton > = T tp()n dt = 2
0 kDACTfA (O)

If kp4Crf4(0)/kp4 << 1, then the mean on-time simplifies to <t(m>=L. For the off-time

B4

probability distribution function, one can get

PO = (O =k £, (O 12 K £ (0129 |
= P () =k £ (OF Sk fo (O
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, where f.* denotes the probability of the system being in the non-fluorescent state B at

equilibrium. f3 and f¢ can be solved by the following differential equations

da,@ __
T el
4,0 _

dt - kADfD (t)

The off-time probability distribution function has two exponential decay components and

1s as follows:

eq —k eq —k
P )=k fyle ™ +k, fle™

eq eq
So the mean off-time would be <toﬂr>:£i+£i where f3“ (fp°!) stands for the

AB AD

equilibrium probability of the system being in state B (D).

4.3 Results

On a glass surface, Merocyanine 540 were used as probes to image individual
nonfluorescent lipid (DLPC, DPPC, or DMPC) vesicles (~ 100 nm in diameter), as
shown in Figure 4.1. Figure 4.1 displays a typical scanning fluorescence image of a glass
coverslip covered by properly adjusted amount of lipid vesicles with MC540 as the probe.
The surface density of vesicles is adjusted so that each vesicle is well separated from
another vesicle by several hundreds of nanometers (~ diffraction limited distance). The
fluorescence spots in Figure 4.1 are proven to be the results of the interaction between
Merocyanine 540 and lipid vesicles immobilized on glass (see spectra in Figure 4.2). All

the preparation procedures for samples and instrumental details can be found in chapter 2.
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The bulk spectra of the fluorescent spots are consistent with those of Merocyanine 540
monomers bound to lipid vesicles'"*. The same glass surface in the presence of either a
similar MC540 solution or a lipid vesicle solution proves to have no observable
fluorescence in our experiments. The absorption and fluorescence of MC540 in aqueous
and nonpolar lipid environments are distinctive. It emits weakly in aqueous solution
compared with lipid (~20 fold increase of quantum yield). Such characteristic enables
single molecule experiments on lipid-bound probes owing to low background
interference from the solution. The average diameter of the vesicles used in the
experiments is ~100 nm, which is much smaller than the 1/e* width of the focused laser
beam, 500-600 nm. Therefore, most of the fluorescence spots in Figure 4.1 appear as if
they were single molecules.

These fluorescence spots constantly switches on and off in between different scans.
As a signature of single molecule images, each spot does not appear as a merely round
diffraction limited bright spot; it appears as a stripe-filled diffraction limited object with
the stripe pattern varies from time to time. This characteristic comes directly from the fast
scanning through single molecule fluorescent spots with various on and off intensity-time
trajectory. The emission spectra (Figure 4.2) match those reported for monomeric MC540
in lipids. The concentration used in these fluorescence spectra measurements was 10
times higher than in the single molecule intensity-time trajectory measurements to
provide a reasonable signal-to-noise for display. Only monomer fluorescence was seen in

all three kind of lipids used in our experiments.
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By zooming into the region where a fluorescence spot is located, a fluorescence
intensity-time record can be obtained by binning the signal counts versus time variable.
The record is composed of sequential bursts of fluorescence photons segregated by
relatively longer dark periods as there is no emission. Typical intensity-time trajectories
with various time spans for a MC540 bound DMPC vesicle are displayed in Figure 4.3.
MC540 bound DPPC and DLPC vesicles show similar trajectories. The system becomes
fluorescent every few tenth of ms and stays for a few ms and then switches off. By
properly adjusting the concentration and the amount of stock solution of MC540 added
into the sample solution, the off-time can be adjusted to vary from 10 to around 100 ms to
make the observation of fluorescence spots, the acquisition of intensity time trajectories,
and comparison of various kinds of lipids bound with MC540 easier. The concentration
of the stock solution of MC540 used for DLPC, DMPC, DPPC vesicles are 7.5x107M,
7.5x10"M, and 7.5x107M, respectively. The reasoning of why different concentration of
probe stock solution for different lipid and how it can be linked to the underlying
monomer-dimer equilibrium of MC540 in lipids will be presented in the following
sections (4.3 and 4.4).

To determine the widths of the fluorescence bursts and the corresponding dark
periods of in the intensity-time trajectories, the following data analysis procedure is used.
Each intensity-time trajectory is used without applying any smoothing filter. A threshold
was carefully selected and a home-made Matlab program is used to extract the
fluorescence burst widths (on-times) and the lengths of the dark periods (off-times), as
shown in Figure 4.3. The burst width is the time interval as the continuous fluorescence
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signal is above the selected threshold. The dark period is the time interval as the signal is
below the threshold. Figure 4.4 displays typical on-time and off-time distributions
associated with MC540 bound DLPC, DMPC, and DPPC vesicles on glass surface,
respectively. The red curve shows exponential decay fitting to the distributions. In our
experiments, three kind of lipids and five volumes of the probe stock solution are used to
gather information of various amount of MC540 molecules in different kind of lipids.
Over 250 trajectories of 120 seconds in length are collected for each lipid and volume of
the probe stock solution added. The mean on-time and off-time associated with each
vesicle are then used to generate the distribution of mean on-times and mean off-times
averaging over many vesicles. Figure 4.5 displays the average on-time and off-time for
varying amount of probe stock solution added in different kind of lipids. The average on-
time shows no variation for different amount of probe stock solution added for each kind
of lipids. On the contrary, the average off-time rate (inverse of the average off-time)
shows a linear increase as the amount of probe stock solution added to the system
increases for all three kinds of lipids. The detailed discussion and analysis on how the on-
time and off-time varies with the concentration and the amount of stock solution for
different lipid will be given in the following section. It is worth noting that in Nile Red
bound vesicle intensity time trajectories’, the average off-time rate (inverse of average
off time) would not show any change unless there is a change in solution concentration
(see the dashed line in Figure 4.5), while the change of the average off-time for MC540

bound vesicles shows that whatever kinetic scheme is going on behind the formation of
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the intensity time trajectory does not involve molecules in the solution but only takes
places in the lipid vesicles.

Figure 4.6 (A) shows a typical simulated off-time probability distribution by using
the kinetic scheme 4.2.3. It shows a bi-exponential decay profile and the average off-time
falls in the range of 10-100 ms similar to our experimental results. The typical parameters
used for the simulations are kyp from 600 to 2000 s'l, kppCr from 4000 to 90000,
Kd=4x103 M for MC540 in liquid phase, 1.7x10° M in gel phase, and kyp/kgs= 6 for
liquid phase; 1.5 for gel phase'’. The difference in the amount of MC540 added in the
system (volume of stock solution added) comes in from altering P3*/ and Pp*? . Figure 4.6
(B) shows the predicted average off-time from various kinetic schemes and its variation
with increased volume of stock solution added in the system.

Figure 4.7 (A) displays the synthesized polarization dependent PAINT images of
nanosized lipid bilayer wrapped silica (100 nm in size) and figure 4.7B shows the
comparison of the number density distribution of points in either the x or y directional
cross section on the synthesized PAINT image using s-polarized, p-polarized, or
circularly polarized excitation. The membrane wrapped nanosized silica, instead of large
unilamellar vesicles, is used here because the sphere shape of the membranes is well
preserved due to the support of the nanosized silica. Therefore, the orientation of the
dipole moments of molecules of perpendicular or parallel monomers of MC540 can stay
in line with either the norm or the surface of the sphere. The experimental procedure used
to gather the PAINT image in Figure 4.7A is the same as the one used before (Chapter 3)
except that either s-Polarized or p-Polarized beam, instead of circularly polarized beam,
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is used to excite the sample. The cross-sectional distribution of centroid points of single
molecules on the sphere under different polarization condition can be used to narrate the
preference of the orientation of the dipoles of MC540 molecules. This will be detailed in
the following discussion section.

Figure 4.8 shows the wide-field fluorescent images of MC540 bound giant
unilamellar vesicles (DLPC) under polarized excitation. The arrow indicates the
polarization direction of the incident light and as can be seen in Figure 4.8, the bright
edges on the circle are perpendicular to the polarization direction. This indicates that the
dipole moment of the MC540 molecules responsible for the emission lies perpendicular
to the membrane surface. Discussion on this front will be detailed in the following

section.

4.4 Discussion

The following discussion will be focused on linking the corresponding kinetics of
monomeric and dimeric forms of MC540 and the single molecule fluorescent spots
observed in the phase sensitive PAINT microscopy in the previous chapter. Before we go
further into that, we will discuss a bit regarding some basic aspects about spectroscopic
features and sample characteristics of MC540 bound large unilamellar vesicles.

One distinguishing feature regarding the binding between MC540 molecules and
lipid vesicles is that once they get into lipid vesicles, it is very rare for the molecules to
get released into solution from the vesicles. Therefore, it is fairly important to adjust the
initial condition properly because if too many molecules are bounded to vesicles it is
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nearly impossible to get them to become unbound from the vesicles. This is very different
from the property of common probes in microscopic use. For example, the amount of
Nile Red” molecules for PAINT microscopy can be adjusted at will. The concentration
of probes is linked to the association of the dyes and vesicles in the Nile Red case. The
association kinetics affects the average off times of the intensity time trajectories of Nile
Red bound vesicles. Therefore, without alteration of the concentration of Nile Red, there
would be no variation of the average off times. However, this is not the case for MC540
bound LUVs. What we found, both in the previous chapter and experiments presented in
this chapter, is that even the same MC540 stock solution of the same concentration is
added into the solution, the average off-times will be affected (to be detailed in 4.4.1).
What it says is that the amount of MC540 molecules bounded to the vesicles, instead of
the concentration of MC540 in solution alone, is affecting the blinking features of the
single molecule fluorescent spots. This is further supported either by exchanging the
solution with water or by sucking the solution out of the sample vial and leaving just the
vesicles on the glass coverslip. For Nile Red bound vesicles”, this would lead to
diminishing signal counts and difficulty in locating fluorescent dye-bound vesicles.
However, for MC540 bound vesicles, no obvious decrease in the signal intensities of the
fluorescent spots is observed. All the above findings show that whatever is responsible
for the blinking features of the MC540 bound vesicles is going on in the vesicles rather
than through interactions between species in and out the vesicles. To make the

observation more evident, we conducted all the intensity time trajectory experiment by

83



varying the amount of the stock solution added in the solution (hence the amount of
molecules in lipids) rather than simply varying the concentration of the solution.

On the spectroscopic feature of MC540 bound vesicles, as can be seen in Figure 4.2,
all three spectra of MC540 in DLPC, DMPC, and DLPC show peaks around 590 nm,
which is linked to monomeric MC540 conventionally'-’. The monomeric form of MC540
in liposomes absorbs at 570 nm and emits at 590 nm. Dimeric MC540 in liposomes
absorbs at 540 nm and emits with low yield (only in gel phase lipids, it is nearly non-
fluorescent in other phases of lipids) at 625 nm. The concentration used for the emission
spectra in Figure 4.2 is 10 times higher than in the intensity-time trajectory collection to
give a reasonable signal-to-noise ratio. No emission peak around 625 nm (which
indicates dimeric MC540 emission) has been observed, even when the concentration of
MC540 is 100 times higher than in the intensity-time trajectory collection. Therefore, the
fluorescent state (on-state) of the intensity time trajectory in Figure 4.3 can be attributed
to from the monomeric MC540 emission. Note we do not specify which form
(perpendicular or parallel) of MC540 is responsible for the emission yet. To further
ensure only monomeric MC540 is collected in our experiments, the optics (filter sets)
were properly selected so that only emission from 580 to 625 nm is windowed to yield

intensity time trajectories for our analysis.

4.4.1 Analysis of the intensity-time trajectories of MC540 bound lipid vesicles
From Figure 4.3, one can see there are bursts (fluorescent states) with signal counts
above 20 (counts per millisecond) and background (non-fluorescent states) with signal
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around 5 (c.p.s). For all three kind of lipids used in our studies (DLPC, DMPC, and
DPPC), the fluorescent states stay being fluorescent for around 3 ms and goes off. The
time scale of the current system being in the fluorescent state coincides well with the
survival time of perpendicular monomeric MC540 according to the typical kinetic
parameters and the kinetic scheme provided in the last chapter. The length of the non-
fluorescent states varies with the amount of MC540 molecules present in the lipid
vesicles. By properly controlling the stock solution concentration of MC540, we were
able to get the average off time to be within 10 to 100 ms window. Each off time presents
in each trajectory varies stochastically. By setting an appropriate selection level (20 c.p.s.,
for example) and applying the threshold to differentiate the trajectory into respective on-
states and off-states, we can sort a trajectory into collections of on-times and off-times. It
shows no measureable correlation from single vesicle results either between on-times and
the following off-times or between two successive on-times and/or off-times. The same
result hold true for analysis after averaging over 200 vesicles all together. Therefore, all
the information regarding the kinetic schemes of MC540 bound vesicles behind the on
and off switching patterns is contained in the respective on- and off-time distribution
function, from which the intensity-time trajectory can be reconstructed. As can be seen in
Figure 4.4, the fluorescence burst widths and dark periods associated with each vesicle
are then used to generate the probability distribution function of on-time and off-time.
For all three kinds of lipids and various amounts of MC540 in the vesicles used in our
study, the on-time distribtuions followed a single exponential decay. The off-time
distribution shows doubly exponential decays having a short component smaller than or
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around Ims and a longer component from 10 to 100 ms in accordance with the decrease
of amount of MC540 molecules in vesicles. By averaging the mean on-time and mean
off-time from each vesicle, on can get the average on-time and off-time for each lipid and
amount of MC540 presented in the system (as can be seen in Figure 4.5). What it shows
in Figure 4.5 is that the average on-time for DLPC, DMPC, or DPPC is 3 ms, 2.6 ms, or
2.6 ms, respectively and no variation with the amount of MC540 in vesicles is observed
while the average off-time for three kind of lipids decrease from 100 ms to 10 ms
according to the increase of the amount of MC540 in the system. That is, the average on-
time is concentration independent and the average off-time varies with numbers of
MC540 in the system.

Now we can come back to the previous analysis (see section 4.2 for details) of
potential kinetic schemes of MC540 monomer-dimer equilibrium.

A simple two state kinetic scheme A B 1is ruled out since the average off-

kAE

time follows as <7, >= j tP, ()dt = 1 (see section 4.2.1 for the deductions) and hence

is concentration independent. Therefore, any more complicated scheme that is reducible

to the two state kinetic scheme can also be rejected.

kDM

As for the kinetic scheme 4.2.2 M +M D, the average off-time would be
%

kMD

< Ty >= I tPoﬁ,(t)alt:kL (see section 4.2.2 for the detailed deductions) so it is also
MD
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concentration independent. Therefore, it is also rejected. Combining the results from the
above two cases, the number of species involved in the trajectories we collected would be
more than two according to the off-time variance with concentration.

The kinetic scheme 4.2.3 and 4.2.4 are very similar in that there are two forms of
monomers present in the system, one of them is fluorescent and only one of them is
linked to the formation of dimers. The only difference between these two schemes lies in
that in 4.2.3, the fluorescent form of monomer is linked to the formation of dimers while
in 4.2.4, the non-fluorescent form of monomer is directly linked to the formation of
dimers. Both kinetic schemes can predict the average on-time to be 1/kgs (see section
4.2.3 and 4.2.4 for details). Both the predicted average off-times for these two kinetic
schemes show dependence on initial amount (or say, concentration) of MC540 molecules
in vesicles. Therefore, we shall discuss the predicted result for each scheme in more
detail in the following.

ey YEN

For the kinetic scheme 4.2.4, A B A+ A D , where
— ——

k k

AB AD

A is the fluorescent form of monomeric MC540, B being the non-fluorescent form and D

eq eq
being the dimeric form of MC540, the average off-time is <t0ﬁ,>:fi+fL. The

k,, k

AB AD
concentration dependence comes in from f3*/ and fp*. However, when estimated with the
equilibrium constant for dimerization of MC540 in lipids and our initial conditions, f3*
or fp°! shows less than 25% variance (from 0.3 to 0.5 in numerical value). This, when
combined with the estimated conventional rate constant''* kyz ~= 1000 s and k,p ~=

87



7500 s (see scheme 3.1), would not give the time scale of average off-times to fall in the
range of 10 to 100 ms, as what was observed in our experiments. To get the average off-
time to fall in the range from 10 to 100 ms, one would require the kinetic rate constant
ksp to become at least 100 times slower (10-100 s'l). This result finds no similar
observation in other researchers’ attempts to measure the kinetic rate constants. Also,
even if the kinetic rate constant k4p were indeed around 10-100 s'l, the concentration
variance (0.5 to 0.3, less than two-fold) would not explain a 10 fold decrease of average
off-time as seen in our experiments (100 ms to around 10ms). The failure to fit the time
scale and concentration dependence of average off-time helps to rule out such kinetic
scheme as a reasonable one.

k,

For the kinetic scheme 4.2.3, 4 B B+B D, where A is the

fluorescent form of monomeric MC540, B being the non-fluorescent form of monomeric
MC540, and D being the dimeric form of MC540, it would give (see section 4.2.3 for

details) an on-time probability density function that follows a single exponential decay

with average on-time <t0n> =——, an off-time probability density function that is similar
BA

to a doubly exponential decay profile, average off-time to fall within the range 100 to 10
ms and the concentration dependence of the average off-times that fits our experimental
results (see figure 4.6 for example). The kinetic scheme, therefore, is not rejected from
our analysis using single molecule studies on MC540 bound vesicle intensity-time

trajectories. Therefore, the kinetic scheme is retained for our further analysis.
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Again, it is entirely possible that more complicated kinetic schemes are involved in
our experiments, but what we can gather from a two variable (on and off) intensity
trajectory”’ would not be able to verify such kinetic scheme (if they are not reducible to
simple ones as we have been through) without asserting too many semi-empirical
parameters into the analysis. If they are reducible’ to simple kinetic schemes we went
through, then only the one as 4.2.3 will prevail in our analysis. On the other hand,
Szabo™?* et al. detailed the statistics involved with the analyses of kinetic models on
single molecule fluorescence intensity-time trajectories and should served as basis

guideline while performing such kind of analyses.

4.4.2 Polarization dependent studies

As what was mentioned in the introduction section of the chapter, Webb® et al.
suggested that MC 540 molecules existed as a monomer in two exchangeable orientations
and dimer. The monomers were either in parallel or perpendicular to the membrane
surface. The parallel monomers were in equilibrium with dimers. The proposed
mechanism was further supported by subsequent studies. However, there had not been
any direct photophysical evidence that the two forms of monomers do exist until the work
of Amerongen'’ et al came along 2008. By measuring the lifetime of the emitting species
(excitation at 570 nm and emission at 580 nm), they resolved two distinct lifetime
components for monomer emission: 750 ps and 2 ns. They assigned the long component
to monomeric MC540 incorporated deep in the bilayer with perpendicular orientation to
the membrane surface and the short component to surface-associated (closer to the edge
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of surface) monomers oriented parallel to the membrane. The major emission source of
the system under 570 nm excitation was determined to be from perpendicular monomers
(to the membrance surface). It can also be reasoned that from the length of the lifetime,
the 2 ns component, namely the perpendicular monomers, will envisage a higher
emission quantum yield. This could be the emitting source in the kinetic scheme 4.2.3 we
analyzed above. Yet, to be more certain what form of monomeric MC 540 is responsible
in our system, we performed polarization dependent imaging on MC540 bound GUV and
membrane wrapped nanosized silica. The details of the sample preparation and
instrumental overview can be found in chapter 2.

(i) Membrane wrapped nanosized silica

The membrane wrapped nanosized silica is chosen for our polarization study due to
their rigidity in their spherical shape of the membranes. Therefore, the orientation of the
dipole of the emitting species in our system can be well analyzed. The dipole moment of
MC540 lies along its long axis on the molecular plane®. If the emitting specie in MC540
bound vesicles is perpendicular (to the membrane surface) monomeric MC540, when the
system is excited with p-polarized light, one would observe an increase of spots on the
cross-section along the x-direction (laboratory coordinate) through the center of the
sphere from the edge to the center; when the system is excited with s-polarized light, one
would see a decrease of spots on the cross-section along the y-direction (laboratory
coordinate) through the center of the sphere from the edge to the center. The predicted
situation would reverse if the emitting species is parallel monomeric MC540. In Figure
4.7B, the red curve is the cross-sectional number density along given directions (X or y)
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on nanosized silica under p- or s- polarized light excitation while the blue curve is the
same object using circularly polarized light excitation. It shows that when compared to
the circularly polarized excitation results, the number density of p-polarized excitation
shows more centered distribution of spots (red curve, upper-left panel in Figure 4.7B)
while the number density of s-polarized excitation shows more spread out distribution of
spots (red curve, lower-right panel in Figure 4.7B). Therefore, it coincides with our
prediction that the major emitting species in MC540 bound vesicles is perpendicular
monomeric MC540. Note that the concentration of MC540 used in the sample resembles
that in our PAINT experiment in the last chapter (single molecule condition). This is also
the first polarization dependent analysis on supre-resolution microscopy studies to the
best of our knowledge. It may be a very useful way to analyze orientation distribution of
dipole moments of a molecule on a nanoscopic level.

(i1) Giant Unilamellar vesicles

To be more precise on the orientation of the major emitting species in MC540
bound vesicles, we performed another macroscopic level ([MC540] is 1000 times larger
than single molecule experiment conditions) polarization measurement. Since dipole
moment of MC540 lies along its long axis on molecular plane®, linearly polarized light
can be used to differentiate which orientation of monomers are responsible for the
emission. Only dipole moments that project onto the direction of linearly polarized light
can be excited. Therefore, parallel monomers (to the membrane surface), having their
dipole moments lining along the circle of cross-section of the GUV, would envisage
bright edges on the sides that are parallel to the incident linearly polarized light. If the
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perpendicular form (to the membrane surface) of MC540 is responsible for the emission,
then the sphere will show brighter fluorescent intensity on the edges that are
perpendicular to the direction of the polarization of the incident light. What we observed
in Figure 4.8 is that the bright edges shift to the perpendicular direction of the
polarization as we vary the direction of the polarization from vertical to horizontal. To be
more specific, one can see that on the left panel of the figure 4.8 (A), the bright edges are
perpendicular to linearly polarized light (red arrow above the left panel of the image). As
the polarized incident linearly polarized light is altered by 90 degree, the bright edges
shift to the perpendicular direction of the incident light (see the right panel of the figure
4.8 (B)). Therefore, it is shown that the major emitting species in MC540 bound vesicles
is perpendicular monomeric MC540.

Using two different types of samples and two different experimental methods, it
leads to the similar conclusion: perpendicular monomeric MC540 is deemed as the major

emission species in MC540 bound vesicles.

4.4.3 Further analysis

In the previous section, we conclude the emitting species in our kinetic scheme to
be perpendicular monomeric MC540. Now we may include this with the kinetic scheme
4.2.3 for further discussion on the kinetic parameters involved. Now we know in the

k,
. . BA ) DB )
kinetic shceme 4.2.3, A4 B B+B D , where A represents
—

kAB kBD

perpendicular monomeric MC540 and B being parallel monomeric MC540. From the
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average on-time, one can get kg4 for DLPC = 333 s kgy for DMPC = 416.7 s\, and kg,
for DPPC = 400 s™'. The average on-times show no dependence on number of MC540
molecules present in the system. This confirms our previous estimation (previous chapter)
that the fluorescent spots stay fluorescent for ~ 3 ms (by using the typical kinetic

constants to estimate the survival time of M , see Scheme 3.1 for the typical kinetic

constants) and switches off. Now it is linked to the perpendicular monomer turning into
parallel form of MC540.

For the off-time analysis, we know from previous section (4.2.3) how to simulate
the off-time distribution function and hence average off-times for various experimental
condtions. The simulated off-time distribution function is displayed in Figure 4.6 (A)
and shows a bi-exponential decay. The profile of the distribution function relies on the
kinetic constants used in the simulation and only those close to the experimental findings
can lead to a bi-exponential decay profile with the sensitivity to amount of MC540 in the
system. The average off-times versus the amount of MC540 molecules in the system
predicted from the kinetic schemes are also shown in Figure 4.6 (B). It can be seen that
only the results from the kinetic scheme 4.2.3 show a number density sensitivity and have
average off time decreasing from nearly 100 ms to 10 ms as the number of MC540

increases. This is in parallel to the experimental results in the intensity time trajectories.

f; = _kABfB - kDBCTfB2 + 2kBDfD

1 ) , we know the
fD = szBCTfB _kBDfD

From the differential equation

concentration dependence in the differential equation comes in from the term kppCr. It

remains similar numerical values for all three kinds of lipids so that the off-time
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distribution shows bi-exponential decay in the millisecond regime. An interesting feature
is that, experimentally, the concentration of the stock solutions of MC540 used for DLPC,
DMPC, and DPPC to get the average off-time to fall in 10-100 ms window are 7.5x10°
M, 5x 10"° M, and 1x 10°M, respectively. We argue that this is also where it reflects
the difference in the kinetic rate constants for various lipids. Since Cr (DLPC) < Cr
(DMPC) < C7(DPPC), one can see kpg(DLPC) > kpg(DMPC) > kpp(DPPC). Note that
there is an equation to link kps to ksp (kps=ksp(1+kas/kss)*Ky). It may be possible to
estimate all kinetic rate constants involved in the kinetic scheme but it might not be
reasonable ones because too many kinetic parameters have been inserted to the
simulation of on and off-time distribution from a two variable intensity time trajectories.
Therefore, we restrain here to only draw the qualitative conclusion that in different phase
of lipids, the decomposition of dimers into parallel monomeric MC540 takes place faster
in liquid phase, then liquid/gel mixed phase, and then gel phase. That is to say, dimers of
MC540 are more stable in gel phase, then liquid/gel mixed phase, and then liquid phase.
The finding here coincide well with the results by other researchers™''"*. This is the first
experimental analysis to evaluate the stability difference of dimers in different phase of
lipids utilizing single molecule kinetic approach to the best of our knowledge.

It is, however, worth noting that conventional photophysical steps might account
for the observed intensity time trajectory even though the possibility can be very small.

1°° showed that trans-cis isomerization and

Fluorescence correlation of MC540 in ethano
triplet formation take place on the mirco-and nanosecond time scales, respectively, both

shorter than the millisecond time time frame of our experiments. It is possible that the
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isomerization might get slowed down by the lipid, yet it is unlikely to show concentration
dependence as is the average off-time measured here.

On the other hand, MC540 molecules may photobleach by forming non-fluorescent
states that recover the ground state of the fluorescent MC540 on the millisecond time
scale by pathways that depend on the coupling between probes. The power of excitation
laser was varied from 4 fold (more than 140 microwatts) of that in the collection of the
intensity time trajectory (~35 microwatts) to less than 10 microwatts to see if the average
on-time and off-time accordingly. It shows no noticeable change of the average on-time
and off-time due to excitation power variation. Also, we collect intensity-time trajectory
on the same MC540 bound vesicle continuously for more than eight hours to see if there
is a change of the average on-time and off-time due to the decrease of photoactive
MC540 molecules after excessive photobleaching, if it does take place in our system. Yet
we observed no noticeable change of the average on-time and off-time.

While it cannot be ruled out that the photobleaching might be reversible and non-
power dependent, that the isomerization might be slowed down drastically in the lipid or
that other photoproducts are involved, the processes that contribute to the intensity-time
trajectory would require to have a number of essential features, as discussed above: a
millisecond relaxation time, an average off-time that depends on the number density of
MC540, and a variation of these properties with the lipid phase. The number density
dependence also rules out the process to be as the kinetic scheme we discussed in section
4.2.1 (simple two state equilibration between fluorescent and non-fluorescent states),
4.2.2 (fluorescent monomer forming non-fluorescent dimer and back forth), nor 4.2.4
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(fluorescent perpendicular monomeric MC540 changing into and from non-fluorescent
parallel monomeric MC540 while fluorescent perpendicular monomeric MC540 directly

link to the formation and decomposition of dimers).

4.5 Conclusion

The emitting species is identified to be monomeric MC540 based on the spectra
measurement. The number dependence renders the kinetic scheme 4.2.3 to be more
reasonable than others. It is then refined by polarization measurement to show it is the
perpendicular form of monomers. By using the single molecule intensity-time trajectory
studies and polarization dependent imaging measurements, several kinetic schemes were
examined and the one prevailed involves the exchanging of fluorescent perpendicular
form of monomeric MC540 and non-fluorescent parallel form of monomers while the
formation and decomposition of dimers is linked directly to the non-fluorescent parallel
form of monomers. By fitting the average on time with the kinetic scheme, we get k4 for
DLPC =333 s'l, kg4 for DMPC =416.7 s'l, and kg, for DPPC = 400 s'. The formation of
parallel monomer from perpendicular monomer takes place around every 3 ms and is not
number density dependent. In different lipid, it is also estimated qualitatively that kpp
(DLPC) > kpg (DMPC) > kpg (DPPC). It means that the decomposition of dimers are
slower in gel phase, there it coincide well with the general understanding that dimers are
more stable in gel phase than in liquid phase of lipids'®'" .

This study provides the first evaluation of possible kinetic schemes of MC540
monomer and dimer equilibrium based on single molecule level experiments. It can serve
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as an example for examining complicated kinetics in other systems on microscopic level

using such intensity-time trajectory approach.
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Schemes for Chapter 4:

: Monomer orientated perpendicular to membrane surface

, : Monomer orientated parallel to membrane surface

, : Dimer orientated parallel to membrane surface
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Scheme 4.1. Illustration of relative position and orientation of MC540 perpendicular
monomers (to membrane surface), parallel monomers, and dimers in a membrane

lipid bilayer.
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Scheme 4.2. Proposed Kkinetic schemes for the intensity-time trajectory for MC540
bound vesicles. A and M represent the fluorescent species (monomers) in MC540

bound vesicles, B represents non-fluorescent one, and D represents dimers of MC540.
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Figures for Chapter 4:

Figure 4.1. Typical fluorescence images of MC 540 bound vesicles on a glass surface.
The size of the image is 5 um x 5 um.
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Figure 4.2. Bulk fluorescence spectra of MC540 bound (A) DLPC- (B) DMPC- (C)

DPPC- vesicle on a glass surface. The spectra are recorded on a confocal microscope

with monochromator and CCD camera (see chapter 2 for instrumental overview).
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Figure 4.3. Typical fluorescence intensity-time trajectory on a MC540 bound DMPC
vesicle with different length. (A) Trajectory length: ~12 s (B) Trajectory length: ~140
ms (extracted from (A)). The red curve shows background signal when no excitation
is applied to the system for comparison. (C) The corresponding count rate distribution
(black circle) is calculated based on the intensity-time trajectory in (A). The red lines

represent background signal level. The concentration of MC540 used is ~1 nM.
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Figure 4.4. Probability distributions of the width of fluorescence bursts from over 250
MC540 bound (a) DLPC- (c) DMPC- (e) DPPC- vesicles. The red curve indicates a
single exponential decay fits to the data.

107



0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

0.30
0.25
0.20
0.15
0.10
0.05

0.00
0.25

Probabili

0.20

0.15

0.10

0.05

0.00

(Continued)

] DLPC (b)

DMPC (f)

1 W

L LA B IR R
20 0 20 40 60 80 100 120 140 160

dark period (ms)

Figure 4.4(continued). Probability distributions of the width of drak periods from over
250 MC540 bound (a) DLPC- (c) DMPC- (e) DPPC- vesicles. The red curve indicates
a double exponential decay fits to the data.
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Figure 4.5. (a) Mean on-time for various volumes of MC540 stock solution added in

the lipid vesicles of DLPC, DPPC, and DMPC. (b) Mean off-time frequency for

various volumes of MC540 stock solution added in the lipid vesicles of DLPC, DPPC,

and DMPC. The dashed line denotes the case for nile red bound DMPC vesicles and

is shown here for comparison.
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Figure 4.6. (A) Typical simulated off-time probability distribution using the
differential equations from the kinetic scheme 4.2.3. The parameters used for the
simulations are kag = 1800 s™, kpgCr = 20000, Kg=4x10> M, kag/kga= 6, and Pg*
=0.8 and Pp*™ =0.3. (B) Predicted average off-time versus amount of MC540
molecules in lipid bilayers from various kinetic scheme.
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Figure 4.7. (A) Typical synthesized polarization dependent PAINT images (p-pol) of

nanosized lipid bilayer wrapped silica (100 nm in size). Each cross indicates a

presence of a fluorescent spot. The rectangular box represents the region that is

extracted to get the number density distribution of spots along either x- (red) or

y-(blue) direction across the sphere to form analysis in (B). The dimension of the
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image (A) is around 110 nm by 110 nm. (B) Comparison of the number density
distribution along either x- or y- axis across the nanosized silica (divided into 10 bins)
with circularly polarized (blue curves in all panels), p-polarized (red curves on the left
panels), or s-polarized light (red curves on the right panels). The red or blue box in (A)
indicates the regions cropped to yield the number density distribution. Each box is
further divided into 10 bins (each bin is around 25 nm by 10 nm in dimension) to

perform the histogram analysis.

112



(A)

(B)

Figure 4.8. Typical polarization dependent fluorescent images of DLPC GUVs. The
arrow indicates the direction of the linear polarization of the incident light. The
dimension of each image is around 30um by 30 um. (A) and (B) are collected from

different regions.
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Chapter 5 Conclusion

Super-resolution microscopy has become a powerful tool to study biological
samples with ultra-high resolution to see beyond diffraction limit. The PAINT method,
one of the super-resolution imaging methods, relies on the interaction of single molecule
fluorophores and their interaction with the immediate surroundings. The control of
thermal reaction rates is used to enable the switching between bright and dark states, and
hence the localized single molecule spots form the synthetic image. In the thesis, the
PAINT method is integrated with a phase sensitive probe, MC540 to image nanoscale
phase separation of lipids. Such approach can serve as a strategy for further application to
image phase separation phenomena in biological samples, like lipid rafts on cell
membranes. To better understand the underlying kinetics involved in the MC540 bound
lipids, we performed a series of analyses on the fluorescent intensity time trace of MC540
bound vesicles of various lipid phases. The kinetic scheme (see 4.2.3), which involves the
interchange of two forms of MC540 monomers, one parallel to the lipids, and the other
one perpendicular, and only the parallel form is directly linked to the formation and
discomposition of dimers, is validated in our study.

The goal of visualizing the nanoscopic sphingolipid/cholesterol-rich domain in
natural membranes has stimulated numerous investigations either by direct visualization
or indirect inferences from the tracking of diffusing probes. Nevertheless visualization or

systemization of such domains (rafts), assumed to vary from tens to several hundred
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nanometers in cell membranes, remains challenging. In this work, the “points
accumulation for imaging in nanoscale topography” (PAINT) method, which has sub-
diffraction resolution, is combined with a lipid phase-sensitive probe merocyanine 540
(MC540 hereafter), to illustrate that nanoscale phase separations on a supported lipid
bilayer (SLB) can be visualized by this method.

In chapter 3, it was shown that the PAINT method of super-resolution imaging
using the dye MC540 is useful for imaging phase domains in binary lipid bilayers. The
monomer-dimer dynamic equilibrium of MC 540 in lipids is essential to the repopulation
of photobleached monomers. The distinction between lipid phases arises because the
average number density of fluorescent monomeric MC 540 molecules in the liquid phase
of the supported lipid bilayers is ca. 3 times larger than that in gel phase. The synthetic
image (the PAINT image) was obtained by superimposing all fitted single molecule
points and applying pseudo color mapping, thereby revealing phase separation of
DOPC:DPPC 3:1 at subdiffraction resolution. Many nanoscopic domains of the gel phase
were seen. The extension of this method to other binary or ternary lipid model or natural
systems provides a promising new super-resolution strategy.

It has long been considered that the monomeric form of MC540 resides close to
the lipid head group, and that the monomers are in large measured perpendicular to the
membrane surface (A1, ). To form an anti-parallel dimer, the monomers have to migrate
to a deeper position in the membrane and reorient into parallel forms of MC540 (My).
The dimers (M or D) are parallel to membrane surface and in a deep position compared

to the perpendicular monomers. It is therefore quite intuitive for one to reason that
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perpendicular monomer of MC540 is the emitting species that forms the on states of the
bursts we observed in the imaging section (chapter 3) of the thesis, while the dimers are
present during the off times as the bursts disappear. However, since MC540 as a probe
combined with the PAINT method serves as the first example for phase sensitive super-
resolution microscopy, it is worthwhile to gather more concrete evidence for the emitting
species and the underlying kinetics leading to the on and off states. Here we resort to
kinetic studies on single molecule level and polarization dependent imaging to achieve
the goal.

Single molecule intensity trajectory collection has been a powerful tool to see
beyond the ensemble averaging, and therefore enable access to detailed information in
various ways: (1) a probability density distribution function for an experimental
observable, instead of a single, mean value, is provided; (2) static and dynamic
heterogeneity of the observables can be differentiated; (3) statistically rare events, like
transitions between different functional states, can be explored; and (4) possible kinetic
schemes can be evaluated through analysis of these distribution functions. In chapter 4,
four potential kinetic schemes that may be responsible for the turning on and off for the
fluorescent spots in MC540 bound lipid membranes are proposed and the corresponding
on and off time distribution functions are evaluated. They are compared with those

obtained from the intensity time trajectories of MC540 bound vesicles. For the kinetic

k k
scheme 4.2.3, 4 B B+B D, where A is the fluorescent form of
kAB kED

monomeric MC540, B being the non-fluorescent form of monomeric MC540, and D

116



being the dimeric form of MC540, it would give (see section 4.2.3 for details) an on-time

probability density function that follows a single exponential decay with average on-time

<t””>:ki’ an off-time probability density function that is similar to a doubly
BA

exponential decay profile, average off-time to fall within the range 100 to 10 ms and the
concentration dependence of the average off-times that fits our experimental results. The
kinetic scheme, therefore, is not rejected from our analysis using single molecule studies
on MC540 bound vesicle intensity-time trajectories. Therefore, the kinetic scheme is
retained for our further analysis. In section 4.4.2, the polarization dependent studies
confirmed that perpendicular form of monomeric MC540 is the emitting species.

By using the single molecule intensity-time trajectory studies and polarization
dependent imaging measurements, several Kinetic schemes were examined and the one
that prevailed involves the exchanging of fluorescent perpendicular forms of monomeric
MC540 and non-fluorescent parallel forms of monomers, while the formation and
decomposition of dimers is linked directly to the non-fluorescent parallel form of
monomers. By fitting the average on time with the kinetic scheme, we get kga for DLPC
= 333 57, kea for DMPC = 416.7 s, and ksa for DPPC = 400 s™. The formation of
parallel monomer from perpendicular monomer takes place around every 3 ms and is not
number density dependent. For different lipids, it was estimated qualitatively that kpg
(DLPC) > kpg (DMPC) > kpg (DPPC). It means that the decomposition of dimers are
slower in gel phase, there it coincide well with the general understanding that dimers are

more stable in gel phase than in liquid phase of lipids.
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This study provides the first evaluation of possible kinetic schemes of MC540
monomer and dimer equilibrium based on single molecule level experiments. It can serve
as an example for evaluating complicated kinetics in other systems on microscopic level
using such intensity-time trajectory approach. Instead of affirming a certain Kinetic
scheme by fitting probability distribution function of on- and off- times with pre-assumed
kinetic schemes, here proposed kinetic schemes are rejected if the projected probability
distribution functions (from modeling) are not in line with the ones from experimental

observations.
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