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General Introduction

)

“Single-molecule experiments will contribute to bridge the gap between physics and biology’
A. van Oijen.

Supramolecular chemistry covers the study of those molecular systems in which the most
important feature is that components are held together by noncovalent interactions. Subjects
such as host-guest chemistry, molecular self-assembly, molecular recognition or
conformational changes fall under the umbrella of this discipline. The scope of supramolecular
chemistry is also vast comprising multitude of systems with key roles in fields as diverse as
biomedicine, pharmacology, catalysis, nanochemistry or molecular sensors.

Investigations on these supramolecular systems result crucial for a better understanding of
their biological function or technical application. According to this, it is important to remark
the importance of collecting information not only on the thermodynamics and structure of the
molecules involved but also on their mobility and dynamic properties in order to obtain a full
picture of the mechanisms involved in these processes (Bohne 2006).

Several techniques are used to study supramolecular systems, depending on their specific
characteristics. Among the most common are electrophoresis based on size/charge migration,
mass spectroscopy, light scattering or NMR diffusion to study molecular aggregation; and
crystallography, circular dichroism (CD) or electron spin resonance (ESR) to study
conformational changes in macromolecules. In this context, fluorescence spectroscopy is one
of the most sensitive and versatile techniques available (Bohmer and Enderlein 2003; Haran
2003; Michalet et al. 2003). Although most supramolecular systems are themselves
nonfluorescent, fluorescent labels can usually be attached to some of their subunits, so that
changes in the spectroscopic properties (quantum yield, spectral shift, lifetime, anisotropy,
etc.) of the fluorescent label upon binding can be used to study the binding affinity and in
some cases the dynamics of the process. Also the exploitation of the Forster Resonance
Energy Transfer (FRET) phenomenon allows one to measure distances, detect molecular
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interactions, study conformations or obtain information about metabolic or signaling
pathways (Roy et al. 2008).

In the last years, single-molecule experiments have revolutionized fluorescence spectroscopy
with the development of several techniques based on the detection of the individual spectral
properties of single labeled molecules, instead of the mean value of molecular ensembles
(Haustein and Schwille 2004; Walter et al. 2008). Working at the so-called “single-molecule
level” provides as main advantage the “no-need for synchronization” to investigate molecular
dynamics. Whereas conventional techniques require to displace the system from its rest state
(normally, via quick changes in temperature, pressure or by inducing a chemical gradient)
and to observe how it relaxes back to equilibrium conditions, single-molecule techniques
analyzes the time-evolution of each individual molecule separately without the need for
displacement from its equilibrium state. New relevant information about thermodynamics and
kinetics obtained by the single molecule approach is often difficult to obtain in bulk
experiments and can be the key to unveil the mechanisms behind many biomolecular
processes (Tinoco and Gonzalez 2011).

The fluorescence detection from single fluorophores requires not only a very low concentration
of the observed dye but also the suppression of the background signal from the solvent by
reducing the sample volume itself (Selvin and Ha 2008; Zander et al. 2002). Single Molecule
Fluorescence Detection (SMFD) techniques can be classified roughly into two groups: those
observing freely diffusing molecules within a sample volume defined by a confocal microscope,
such as Fluorescence Correlation Spectroscopy (FCS) or burst analysis techniques (MFD
(Kuhnemuth and Seidel 2001), BIFL, PCH, etc); and those analyzing the fluorescence from
molecules immobilized on a glass surface under near-field or evanescent excitation (TIRF,
NSOM, etc). Their combination with FRET is common for many SMFD techniques (Selvin
and Ha 2008). Single-pair FRET can report on binding events in real time and is particularly
useful for studying conformational dynamics of biomolecules, which previously have been
labeled with two different color dyes positioned at specific locations (Roy et al. 2008).

Given the huge amount of information they provide, single-molecule experiments impacted
physical biochemistry, providing a new tool that complements standard spectroscopy and
microscopy techniques and is becoming a major theme of research in modern biophysics. Any
biological molecule or supramolecular system is a potential target for single-molecule studies.
In fact, some single-molecule fluorescence techniques already represent standard methods for
the elucidation of the structural rearrangements and association processes of biologically
relevant macromolecules and, without doubt, we will not have to wait for long to find them
as part of the routine techniques in any biochemical lab.
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This thesis

This thesis comprises part of the results obtained during more than 4 years of Ph.D. studies
at the Al-Soufi and Novo’s Single Molecule Fluorescence Lab of the University of Santiago de
Compostela, Spain. The purpose of this work was to study different supramolecular systems
by using fluorescence spectroscopy, and very especially to prove how SMFD techniques could
be applied to investigate certain systems in which the single molecule approach gave us a
significant advantage over other standard techniques, either because the aimed information
was not accessible by other means or because SMFED allowed to do it much easier and faster.
The focus was put on Fluorescence Correlation Spectroscopy and its application to study
supramolecular association in different host-guest systems such as cyclodextrins, surfactants
or DNA; although a chapter on RNA folding studies using Total Internal Reflection
Fluorescence (TIRF) in combination with single-molecule FRET is also included, as a result
of an internship in the lab of Carlos Penedo at the University of St. Andrews, Scotland.

Chapter I is dedicated to a brief introduction into single-molecule fluorescence detection
with a more detailed description of the FCS technique (setup, main equations in the data
analysis, etc). Due to the necessity of very low concentrations of fluorophore, FCS is very
sensitive to fluorescent impurities in samples or solvents. As the collaborations in our research
group with organic chemists and biologists became closer, problems related to the
unavoidable impurities arose, making it necessary to study how they affect the FCS results. A
detailed discussion on the influence of impurities in FCS also appears in this first chapter.
Some practical aspects concerning FCS measurements gathered through the different
experiments, such as sample preparation, influence of cover-slide thickness, calibration of the
confocal volume, etc. are included in a last section of the chapter.

In Chapter II the factors that control structure and stability of supramolecular host-guest
assemblies were discussed through three different publications. Cyclodextrines complexation
with Pyronines and Adamantane together with the formation of micelle-dye inclusion
complexes were studied as two models of host-guest interaction using different Fluorescence
Techniques. The first work addresses the study of the complexation of pyronines Y and B
with y-cyclodextrin (yCD) using UV /Vis absorption and fluorescence spectroscopy (Bordello
et al. 2009), as a continuation of a previous work in the research group for the BCD. The
potential of Fluorescence Correlation Spectroscopy to study a wide range of host-guest
complexes without the need for a change in the spectroscopic properties of the fluorescent
label upon binding is presented using as an example the study of the complexation between
adamantane and cyclodextrin in the second paper collected in this Chapter (Granadero et al.
2010). Also, the use of high resolution FCS to obtain dynamic information of the host-guest
inclusion, providing that the fluorescence intensity of host or guest changes upon
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complexation, is discussed in this chapter through a third article (Novo et al. 2011). In this
work the application of FCS to the study of inclusion complexes of dyes with hosts of
different structure, such as cyclodextrins and micelles, shows how knowledge about the
dynamics gives valuable information on the association mechanism, which is directly related
to the structure of the host and the guest.

Chapter III is also based on a publication in which we discuss the role of a high brightness
ratio of the dye during the association process in order to enhance the sensitivity of FCS for
the determination of the underlying rate constant (Bordello et al. 2010). Exchange dynamics
of the dye Coumarine 152 between neutral Triton X-100 micelles and the surrounding water
are analyzed and compared with previous results for cationic dyes, such as Rhodamine 123,
which typically show an inverse brightness variation.

As a final stage of the thesis, several experiments were conducted within the framework of
collaborations with other research groups in order to use SMFD to investigate different
biological systems of current interest.

The group of Prof. J. L. Mascarenias (USC) has developed non-natural synthetic agents for
genome recognition capable of mimicking the DNA binding properties of naturally occurring
DNA-binding transcription factors which allow the direct sensing of double-stranded DNA
(dsDNA) without the need for denaturation. The goals in the design of these ligands are both
high sequence-specificity and high affinity to the target DNA sequence. Both properties are
difficult to study for these systems with standard analytic methods. Information about
binding dynamics is not easily accessible by classic techniques.

As a result of the collaboration with Prof. Mascarefias group, successful studies were carried
out to investigate the binding affinity and dynamics of the binding of synthetic agents to
specific DNA sequences. This work allowed the study of minor groove association dynamics
by FCS, with relevant conclusions on the association process of minor-groove binders to
DNA. The most relevant results and discussions are collected in Chapter IV, with part of
them already published as a communication (Bordello et al. 2012).

This ongoing collaboration has opened the door to new projects on this and related systems.
Also, the fast binding dynamics of the DNA binders designed for these studies makes them
potential labels for high resolution microscopy techniques such as PAINT (Point
Accumulation for Imaging in Nanoscale Topography).

Whereas fast dynamics can be addressed using a free-diffusion correlation technique such as
FCS, many biological processes occur at time scales significantly longer than that of the
diffusion of a molecule through the detection volume. This situation makes it necessary to use
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a different approach to SMFD. The immobilization of the molecules on a surface allows for
observation-times much longer than those possible in a free-diffusion setup. We applied such
an immobilization technique in the studies on RNA folding collected in Chapter V and
carried out during a research internship in the Laboratory for Biophysics and Biomolecular
Dynamics of Dr. Penedo, at the University of St. Andrews (Scotland). Here Total Internal
Reflection Fluorescence (TIRF) used in combination with single molecule FRET allows us to
identify conformational transitions and characterize conformational changes in the chemical
denaturation pathway of the Adenine Riboswitch as well as to provide information about the
kinetics of the process. This methodology has been widely used to study protein folding
(Michalet et al. 2006) and is presented here as an alternative approach to the single-molecule
manipulation techniques, such as atomic force microscopy (AFM) (Cao and Li 2011;
Kawakami et al. 2006; Peng and Li 2008) and laser optical tweezers (LOTs) (Cecconi et al.
2007), commonly used to study the folding pathway of RNA. Using single-molecule imaging
with TIR illumination, dynamics in the microseconds to hours range can be observed, limited
mainly by the photostability of the immobilized dyes at the long end (photobleaching) and
the time resolution of the detection at short times. By monitoring and analyzing the changes
observed in the FRET efficiency during the folding studies valuable information was obtained
about the folding process.

Finally, in the closing section “Summarizing Discussion and Conclusions” the content

of this thesis is summarized highlighting the most relevant conclusions.






Objectives

The general objective of this thesis is the use of single-molecule fluorescence (SMF)
techniques to study the dynamics of different supramolecular systems of biological and
technological relevance. The focus is put on Fluorescence Correlation Spectroscopy (FCS),
although a complementary SMF technique (combining FRET and Total Internal Reflection
Fluorescence Microscopy) is also used, together with the more standard absorption and
fluorescence spectroscopies.

The determination of equilibrium constants in several organized systems such as host-guest
complexations or conformational changes in macromolecules provides valuable data in order
to elucidate binding stoichiometries, equilibrium population distributions or affinities under
different conditions. However, for a same equilibrium constant the kinetic behavior can vary
widely, with the rate constants in a range of several orders of magnitude. Crucial information
regarding supramolecular systems such as transition-states, binding kinetic constants and
identification of intermediates or rate-limiting steps lies in the study of dynamics, which very
often represents the key to unveil the mechanism of many of these processes. Despite of its
importance, kinetic data is not easily available. Historically, the study of fast dynamics
through ensemble-averaging techniques was based on relaxation methods, in which the
system is disturbed from an existing equilibrium, observing then its decay back to
equilibrium. The aim of this thesis is to apply SMF techniques to study dynamics of different
supramolecular systems, which allow one to do it through steady state measurements
at equilibrium conditions.

The specific objectives were set as follows:
o Tune up the FCS technique to study different host-guest systems.

- Contribute to the technique's optimization by making adjustments to improve
performance and studying the influence of different factors that affect FCS

measurements.
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- Set up protocols regarding most relevant aspects of the FCS measurements, such as
calibration of the confocal volume, sample preparation, influence of the cover-slide
thickness, etc.

e Analyze the influence of fluorescent impurities in FCS experiments.

- Develop models and simulations to analyze the importance of impurities present in the
sample on two of the most important parameters of the correlation curve: the number of
molecules and the diffusion time.

Apply the obtained models to experimental data from different systems under study to
check whether the variations in the parameters observed during the titrations can be
explained on the basis of the presence of impurities or can be in fact attributed to the
host-guest interaction.

Explain the non-expected increase in the apparent number of molecules, N, observed in
titrations in which the concentration of fluorophore remains constant. Study under which
conditions this behavior can be attributed to a certain level of impurities either in the
stock of host or guest.

e Study the host-guest complexation of pyronines Y and B with y-cyclodextrin using UV /Vis
absorption and fluorescence spectroscopy.

- Analyze the effect of the y-cyclodextrin complexation on the absorption and emission
spectra, quantum yield and lifetime of each pyronine.

- Compare the results with those previously obtained in the research group for the
B-cyclodextrin, with analogous structure but with a smaller cavity than y-cyclodextrin.
On the basis of these results, analyze the influence of the cavity size on the
complexation.

e Review the application of FCS to the study of host-guest inclusion complexes with an
emphasis on practical aspects and relevant bibliographic references.

- Collect data of the association thermodynamics and dynamics of different types of host,
such as cyclodextrins or micelles, with different fluorescent guests or fluorescently labeled

molecules.
- Analyze the influence of the host-guest geometry on the dynamics.

- Discuss the potential and limitations of FCS to study host-guest association.
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e Study the dynamics of the association of a neutral hydrophobic dye to micelles by FCS.

- Use absorption and emission spectroscopies to study the photophysics of the Coumarine
152 as an example of neutral hydrophobic dye, both in aqueous solution and bound to
Triton X-100 micelles.

- Discuss the feasibility of overcoming the initial disadvantages of this type of dyes such as
their low quantum yield, low saturation threshold and higher energetic excitation.

- Analyze the influence of the change in the brightness of free and bound dye (brightness
ratio) on the sensitivity of FCS experiments in studies of association dynamics.

e Study the association dynamics of DNA minor-groove binders to both high and low affinity
DNA sequences.

- Prove that by using of a mnovel fluorescently labeled derivative from the cationic
bisbenzamidines family of minor groove binders, FCS allows one to obtain not only
values for the binding equilibrium constant and the diffusion coefficients, but also the
association and dissociation rate constants of this kind of binders.

- Perform an estimation of the diffusion-controlled rate constants for the interaction of
this binder with high and low affinity DNA sequences, in order to identify the rate-
limiting step in this process and to evaluate the importance of mechanisms such as
sliding or two dimensional diffusion found for the binding of proteins to DNA.

- Study the photophysical processes responsible for the huge fluorescent enhancement of
the binder under study and analyze the effect of structural changes of the binder on the

association dynamics.

e Use single-molecule FRET and TIRF microscopy to study RNA folding dynamics, which
are too slow to be studied by FCS.

- Perform a comparative characterization of the folding kinetics of the Adenine riboswitch
ligand-free state in presence of proline, betaine and formamide as denaturants to provide
a preliminary analysis of their feasibility in single-molecule chemical denaturation studies
of riboswitches folding.

- Study the response of the add aptamer domain of the Adenine riboswitch at different
concentrations of ligand, monovalent cations and divalent metal ions in presence of the

denaturant formamide.
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Single Molecule Fluorescence Detection

1. Introduction.

In this chapter we first give a brief introduction to single molecule fluorescence detection
(SMFD) in order to explain the advantages and properties of SMFD and to classify and
compare the SMFD techniques used in the different studies collected in this work.

We then describe in more detail FCS as the main technique used in this thesis, the basic
theory which leads to the equations used in the data analysis and some important practical
aspects of FCS titrations.

In the last part we present an extensive analysis of the impact of impurities in the solutions
on the two main parameters determined with FCS: the translational diffusion coefficient and
the number of molecules in the sample volume. This part is in preparation to be published.

2. Single Molecule Fluorescence Detection (SMFD).
Fluorescence Spectroscopy.

Fluorescence is probably the most widely used investigative tool for studying the structure
and dynamics of complex systems at molecular level (Lakowicz 2006; Valeur 2002).

Fluorescence emission can be detected with very high efficiency which makes fluorometric
techniques highly sensitive, down to the single molecule level.

The microenvironment of the emitting molecule can have a strong influence on the
characteristics of the emitted fluorescence. Parameters can be polarity, pH, pressure,
viscosity, temperature, electric potential, quenching molecules, hydrogen bonds, etc.

The emitting molecule samples its surroundings within a very small volume, of the order of
only a few cubic nanometers, and can therefore provide chemical information with very high
spatial resolution.

The characteristics of the emitted fluorescence follow instantly changes in the environment
and gives therefore information with high temporal resolution.

A fluorescent probe continuously samples its immediate surroundings and encodes the
gathered information in the light it emits. It can be seen as a nano-scaled emitter introduced
by the scientist into the microenvironment in order to gain information about its structure
and dynamics.

13
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Fluorescent probes can provide a wealth of information on their environment and are applied
to a big variety of systems, such as polymers, solid surfaces, surfactant solutions, biological
membranes, vesicles, proteins, nucleic acids, living cells, etc. Fluorescence allows one to study
dynamics, microviscosity, pH, miscibility, degradation, polarity, rigidity, critical micelle
concentration, partition coefficients, phase transitions, fluidity, order parameters, lipid—
protein interactions, translational diffusion, site accessibility, structural changes, membrane
potentials, complexes and binding, location of proteins, lateral organization, permeability,
denaturation, conformational transition, photocleavage, ion concentrations, redox states
enzyme activities, cytotoxic activity, and many more (Demchenko 2009; Lakowicz 2006;
Valeur 2002).

SINGLE Molecules.

Traditionally the structure and the dynamics of molecular systems are studied with different
techniques (NMR, X-Ray, SAXS, Fluorescence, etc.) applied to a huge number of molecules
simultaneously in order to obtain a reliable signal. The observations are then explained by
models based on the behavior of one or a few molecules, assuming that all molecules of the
same kind behave in the same way, a condition not always valid in complex systems
(Figure 1Figure 1).

Concentration >

Figure 1. Conventional techniques of molecules in solution yield only average properties
blurring molecular heterogeneity.

Single molecule studies offer a series of advantages over bulk measurements (Gell et al. 2006;
Zander et al. 2002):

- High sensitivity: one molecule represents 1.66 10! mol (1.66 yoctomole) of the solute of
interest, which is the ultimate level of sensitivity.

14
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- High spatial resolution: one molecule samples its local environment within a few
nanometers distance and overcomes thus the diffraction limit of optical microscopy by
many orders of magnitude

Resolution of heterogeneity: looking at individual molecules allows one to assess the
heterogeneity of complex systems which would be hidden in the ensemble average
provided by measurements of concentrated samples.

Detection of rare intermediates in a kinetic pathway: the signal from abundantly
populated states in an ensemble measurement masks that of rare intermediates.
Following the kinetic pathway of single molecules allows one to detect and to classify
different routes taken by the system through the energy landscape (Figure 2).

Observation of early kinetic events: single molecule methods provide a way to study
kinetics under equilibrium conditions without the need for synchronization by some
external starting event (temperature or pH jump, mixing). The finite duration of a
synchronization event makes it impossible to observe early kinetic events.

How many molecules do we observe in classical fluorescence measurements?

In an ensemble measurement in a spectrofluorimeter the dye has a typical concentration of
10° mol/l. Assuming that the fluorescence is collected from a detection volume of the order of
1 mm?*=10"° 1 we actually observe about 10!! dye molecules!

Molecules

. synchronized
Mechanism 1

-
S

A B C D Molecule 1
- . - . _’. Molecule 2
Molecule 3
Mechanism 2 Molecule 4

[
Molecule 1

/’ \ :
A . D Molecule 2
\ . / Molecule 3
Molecule 4

C

Figure 2. Studying molecular dynamics, the observation of individual molecules allows one to
differentiate mechanisms and to detect dynamic heterogeneity in the population, not visible in
ensemble measurements.

15
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Can we SEFE single molecules?

We cannot see individual molecules in an optical microscope due to the diffraction limit, but
we can detect the light emitted by a single molecule with suitable detectors, sampling optics
and lasers as light sources. We can localize the bright spot produced by the fluorescence of an
immobilized single molecule and register the time evolution of its position, intensity, spectral
characteristics, etc.

How do we isolate and detect the fluorescence of a single molecule?

The main trick in order to get single molecule resolution in solution measurements is to
reduce the mean number of molecules in the observation volume to one or even less, working
with a very low concentration of molecules and a microscopic observation volume. This is
achieved working with concentrations below 10 mol/l and a sample volume of some cubic
micrometers (1 pm® = 101 = 1 femtoliter). The main challenge is then to detect the weak
fluorescence emitted by a single molecule on top of background photons arising from Rayleigh
and Raman scattering and from fluorescence impurities. Several conditions have to be fulfilled
to obtain sufficiently high signal to noise ratios: an intense light source for excitation, such as
a laser, dye molecules with high fluorescence quantum yields and high photochemical
stabilities, a solvent of very high purity in order to minimize background fluorescence, and a
very efficient and sensitive optical collection and detection system. A breakthrough in single
molecule fluorescence detection was the use of a confocal optical microscope with high
aperture objectives in order to excite and to detect fluorescent molecules only within the very
small focal volume of a focused laser beam.

Single Molecule Fluorescence Techniques.

Many different experimental techniques have been developed for the detection of Single
Molecule Fluorescence in the last years. We will classify them briefly.

We can distinguish two core techniques, measurements on freely diffusing and on immobilized

single fluorescent molecules:

Studies on freely diffusing single molecules: In this type of studies the molecules are allowed
to diffuse freely in solution. A small open sample volume is defined by the focus of a
collimated laser beam in a confocal microscope with a high aperture objective. A fluorescent
molecule which diffuses into this sample volume is excited by the laser light and generates a
burst of fluorescence photons which are collected and monitored as a function of time. The
sample volume is typically less than one femtoliter. The observation time of a molecule is

16
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limited by the transit time through the sample volume, which is typically below 1 ms. These
techniques are therefore well suited to study fast dynamic processes.

Studies on immobilized single molecules: In order to observe single molecules on a longer
timescale ( >1 ms) they can be immobilized in the excitation/observation volume. In Total
Internal Reflection Fluorescence Microscopy (TIRF) the molecules are immobilized on a
quartz slide and excited by an evanescent light wave introduced through a prism placed on
top of the slide (p-TIRF) or directly through the microscope objective (o-TIRF). This
evanescence wave propagates only about 100 nm into the quartz-aqueous interface where the
labelled molecules are located. This thin excitation area allows TIR to discriminate against
background and obtain the required signal-to-noise levels.

We can also distinguish different data analysis methods used to extract information from
fluorescence intensity time traces: fluorescence correlation spectroscopy (FCS) (Rigler and
Elson 2001), single-molecule fluorescence resonance energy transfer (sm-FRET) (Selvin 2000
Weiss 2000) photon counting histograms (PCH) (Chen et al. 1999), fluorescence intensity
distribution analysis (FIDA) (Kask et al. 1999), multi-parameter burst analysis (Kithnemuth
and Seidel 2001; Margittai et al. 2003), etc.

In this thesis we have used the following two SMF techniques:

- Fluorescence Correlation Spectroscopy (FCS) of freely diffusing single molecules in a
confocal microscope.

- Single-Molecule Fluorescence Resonance Energy Transfer (sm-FRET) of immobilized
single molecules in a TTRF microscope.

In our research group we have constructed a confocal microscope which allows to measure
time resolved Fluorescence Correlation Spectroscopy (FCS), Multiparameter Fluorescence
Detection (MFD) and Burst Integrated Fluorescence Lifetime (BIFL) in several variants,
based on a design the laboratory of Prof. Claus Seidel of the Heinrich Heine University in
Diisseldorf, Germany. Our group has pioneered the application of FCS to fast supramolecular
dynamics (Al-Soufi et al. 2005, 2008). FCS is the main technique we use in this work and we
therefore describe it in more detail in this chapter. The second technique (sm-FRET/TIRF)
had been used during a research internship at the laboratory of Dr. Carlos Penedo of the
University of St. Andrews in Scotland, UK. It will be described in more detail in Chapter V.
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3. Fluorescence Correlation Spectroscopy (FCS).

FCS is a data analysis method that derives physical or chemical parameters such as
translational and rotational diffusion coefficients, molecular weights, flow rates, kinetic rate
constants of chemical reactions, aggregation, or triplet state lifetimes from the temporal
fluctuations of the fluorescence intensity recorded from a few (1-10) molecules freely diffusing
in an open sample volume. The fluorescence intensity fluctuations can be due to diffusion,
chemical reactions, structural changes or any other process which modulates the fluorescence
signal of the molecules around the equilibrium value. The timescales of the underlying
modulating processes can be elegantly derived from the autocorrelation function of the
intensity trace. Each of the processes appears at a correlation time which corresponds to its
typical timescale.

Several excellent reviews (Elson 2011), monographs (Gell et al. 2006; Rigler and Elson 2001,
Sauer et al. 2011; Selvin and Ha 2008; Thompson 1991; Zander et al. 2002), and textbooks
(Lakowicz 2006; Valeur 2002) present FCS theory for different applications.

In FCS the molecules under study diffuse freely within a small sample droplet and eventually
pass through the focus of a confocal epi-illuminated fluorescence microscope (Figure 3, left).
The focus defines an open microscopic effective detection volume of some femtoliter
(107 liter). If the concentration of the dye molecules in the droplet is low (nanomolar,
10" mol/liter), then only very few molecules are observed at a time. The molecules are
excited by laser light through the microscope objective and their fluorescence is collected by
the same objective and focused through a pinhole and filters onto detectors with single
photon sensitivity.

The molecules move randomly through the solution due to Brownian motion (Figure 3, b)
and at the same time may undergo a fast reversible reaction (Figure 3, a). Both processes
introduce fluctuations at characteristic time scales in the detected total fluorescence intensity
F(t) (Figure 3, c¢). The characteristic time of the fluctuations is determined from the
autocorrelation curve G(7) of the intensity fluctuations 8F(¢) (Figure 3, d with correlation
time 7 (Al-Soufi et al. 2005, 2008):

(8F(t) 8F(t + 1))
N GIE .

The correlation function for translational diffusion Gy, is given by (Elson and Magde 1974;
Rigler and Elson 2001):
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Gp(7) = ! (1 4+ )_1 (1 + (“Z‘Zy) %>_% (2)

A three-dimensional Gaussian distribution of the detected fluorescence is assumed with radial
and axial 1/€* radii w,, and w,, respectively. N is the mean number of fluorescent molecules
within the sample volume and 7,is the translational diffusion time of the molecules across
the sample volume, which is related to the translational diffusion coefficient D by:

2
Wiy

- 3
I, (3)

The correlation function taking into account the variation in the diffusion coefficient and in
the brightness of a dye due to a chemical equilibrium reaction has been described previously
(Al-Soufi et al. 2005). The partition equilibrium between free and bound dye is treated as a
reversible chemical reaction with (partition) binding equilibrium constant K = k, /k defined

) rate constants.

by the entry (association) (k,) and exit (dissociation) (k
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Figure 3. Principles of Fluorescence Correlation Spectroscopy. Left panel: epi-illuminated
confocal microscope used to create a microscopic sample volume. Right panel: scheme of the
data analysis. (a,b) The blue dashed circles indicate the border of the sample volume. The
yellow dots represent dye molecules undergoing a reversible association (a), and moving
randomly through the solution due to brownian motion (b). Detected fluorescence intensity (c),
and autocorrelation function of the intensity fluctuations (d).
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Under conditions where the host concentration [H] is always much higher than that of the
dye, this concentration coincides with the initial host concentration [H], ([Dg<«<[H]~[H],), and
the reaction is pseudo-first-order with the relaxation (“reaction”) time zj given by:

tr = (k[ + k) (4)

Applying the assumption that the relaxation time of the reaction is much shorter than the

typical diffusion times of free, 7, and bound dye, 7, (i.e. fast exchange, 7 < 7, 7, the
following correlation function for the diffusion and equilibrium reaction is obtained:
1
1 T\ Wy \2 T\ 2
Gor (T =—(1+_—> 1+( y)_— 14 Age "/ (5)
pr(7) Nt + Ny D ( w,; /) Tp ( R )

where the diffusion term is defined by a mean diffusion time 7, and an amplitude that
depends on the mean numbers N; and N, of free and bound dye molecules in the sample
volume. The reaction term has a relative amplitude Ay and a correlation time given by the

reaction time 7.

The parameters 7, 7z, and Ay can be expressed directly as function of [H|, and K:
7 (1+K [H]p)
T4k (6)
1+ T K [H],
-1
tr = (k-(1 + K[H]y)) (7)

_ Nt Ny (Qf — Qp)? _ K [H]o(1 — ¢)?
R 7 (QeNe+ Qo Np)? ~ (1+q K [H]p)?

The reaction amplitude, Ag, depends on the brightness ratio ¢ = @,/ @ of free and bound
guest. The species-dependent brightness is defined by the product of the extinction

coefficients, fluorescence quantum yield and detection efficiency Qy = ex drx gy
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4. Impact of Impurities in FCS.

The study of host-guest complexation (or protein-ligand interaction, DNA-binder aggregation
or others) is among the most common applications of FCS. In a simple we need either the
host or the guest to be fluorescent. On the contrary, we have to label one of them with a
fluorophore.

FCS allows us to get values for the equilibrium constant and under certain conditions also
the dynamic rate constants. To study these systems we typically perform titrations, getting
several FCS curves at different concentrations of the unlabeled molecule (usually the host)
while the concentration of the fluorescent molecule remains constant (usually the guest).

The type of complexes studied by FCS is evolving and biological systems such as DNA,
proteins or membranes, are becoming more and more important. Also plenty of novel
molecules are being synthesized to obtain new binders for these systems. In contrast to highly
purified commercial products, many of these samples have a certain level of impurities that
for different reasons can be difficult to avoid.

Even low levels of fluorescent impurities are going to have influence on the results obtained
by FCS. The magnitude of this influence can be very different depending on each case. Many
times it can affect certain parameters which are not relevant for our conclusions on the
system. On the contrary, the influence of the impurities can also lead us to wrong conclusions
from our experiment.

Here we will perform a detailed analysis of the influence of impurities on the values obtained
for the fit parameters of the correlation curve. Using models and simulations, we will analyze
the importance of impurities present in the sample on two of the more important parameters
of the correlation curve: the number of molecules and the diffusion correlation time. If we are
not aware of the presence of fluorescent impurities in our sample we can easily take apparent
parameters of concentration or diffusion time of the fluorophore as the real ones, in spite
being highly influenced by the signal of the impurity.

Knowing the extent of the influence of the impurities in our sample is particularly important
in order not to misinterpret the changes in the different parameters of the correlation curve
during a titration. We will apply the obtained models on experimental data from different
systems under study in order to check whether the variations observed during the titration
are due to the presence of impurities or can be in fact attributed to the host-guest
interaction.
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We will pay special attention to the interpretation of the non-expected increase in the
apparent number of molecules, N, observed in titrations in which the concentration of
fluorophore remains constant. In this case, we will study under which conditions this behavior
could be attributed to a certain level of impurities either in the stock of host or guest. Note
that very commonly we have only limited information about the sample: usually, we do know
neither the concentration nor the brightness of the impurities and in many cases this also
applies to the fluorophore itself.

4.1. Correlation Function of a Mixture.

Our model system contains two fluorescent species which contribute to the signal. The first is
our fluorophore or labeled molecule under study (host or guest). The second represents the
impurities, modeled as one homogeneous species.

In order to study the influence of the second species on the FCS correlation curves given by
the correlation function Gp,, we use the known model for two independent species in FCS
(Krichevsky and Bonnet 2002). The correlation function for translational diffusion of two
species is given by the correlation curves of the individual species weighted by the square of
the contribution of each species to the total fluorescence intensity. The mean fluorescence
intensity N, @, of each species is given by the average number of molecules in the sampling
volume N,=V (, and by the species dependent brightness @),, defined by the product of the
extinction coefficients, fluorescence quantum yield and detection efficiency @, =¢&; ¢y 8-

2 - 1 2 -1 1
o= (g rom) w5) () e ms) (o)™ ©

This expression can be immediately converted to the following form:

1

QN AQIN, | Qi T\ T\ QRN T\ T\
Gp(r) = (1+ ) (1+ ) + (1+—) (1+w2T2) (10)

(Q1N; + Q2N2)? | QEN; +Q3N, T w?ty QIN;+Q3N, T2
Go©=1/N p —_—

In the case of a single species the amplitude of the translational diffusion at time zero Gp(0)
gives the inverse of the mean number of molecules in the sample volume N. In the case of a
mixture the amplitude Gp(0) depends also on the brightness of each species. In this case N is
only an apparent number of molecules that can be very different from the real values:

QN +Q3N, 1

o= 0= 0Ny + 0N~ N "
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The individual factors in the former expression for G}, are the relative contributions of each
(normalized) diffusion term to the full term:

Qi N Qi N,

S - S (Aor)= 22
Q7 N;+Q5 N, Q7 N;+Q35 N,

(12)

With all this we can write an abbreviated form of Gy, which is useful as fitting function:

=3 2) (o2 oo (o) o2y ) o

Here 7; = w2, /(4D;) is the diffusion time of the species ¢ across the sampling volume
V =m3/% w2, w, with aspect ratio w = w, /wyy,. D, is the diffusion coefficient of the species i. N is
the apparent number of molecules:

1 Qf N1+Q3 N,

N QN+ Q5 Ny (14)

4.2. Apparent Number of Molecules.
4.2.1. Theory.

In this work, we will analyze the apparent number of molecules, N, under different conditions
of the brightness and the real number of molecules of the two species: the fluorophore (species
1), and the impurity (species 2). As it was said before, in general we do know neither the
concentration (N;, N,) nor the brightness (@, @,) of the fluorophore or the impurities.

We define the following ratios between impurity and fluorophore:

Brightness ratio:

fo = g— (15)
Number ratio:
N,
fn = N, (16)
Intensity ratio:
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Using these ratios and equation 11 we can rewrite the expressions for the apparent number of
molecules N with the following error ratios, expressing the apparent number of molecules, N,
in terms of the real numbers N, and N.,.

b At fa )’

IRRETYATR o
Ratio between apparent concentration and real fluorophore concentration:
N _+/? (4 fo i)’ "
Ny 1+fofi 14
Ratio between apparent and total concentration:
N (fi + 1)? (20)

N+ N, (1+ fo f)(fi/fo+ 1)

Analyzing equation 19, we find that as long as the impurities are in higher number than the
fluorophore, fy> 1, the apparent number of molecules, N, will be always bigger than the real
number of fluorophores, N;. On the other hand, only at low concentration (fy< 1) and under
certain conditions a bright impurity (f, > 2/(1-f) ~ 2) can lead to a decrease of N.

For a fixed contribution of the impurity to the fluorescence signal, that is at constant f;, we
observe that the smaller the value of f, the bigger the ratio N/Nj, i. e. a higher number of
less bright molecules of impurity have a bigger influence on the apparent number of molecules
than fewer bright particles, at least as long as f,< 1. In the limit, when f, tends to zero
(@, K @), we reach the situation of a very large number of molecules with very low
brightness, which can be used to model the influence of the light scattered by the solvent:

N
Fl(fQ - 0)=(1+f)? (21)

This expression is equivalent to that given in the literature for the ratio between the
apparent number of molecules and the number of particles calculated after correction for the
influence of the uncorrelated background signal (Ruettinger et al. 2008).

2

Ibackground
v (et

N, 1
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In this case, the intensity of the signal due to the solvent, I, .uoms, Wwould be I, following the
notation used in this work.

According to this equation, the influence of the scattered light on the apparent number of
molecules will depend on its contribution to the total intensity. It will follow the same model
as the case of a fluorescent impurity when its brightness is much smaller than that of the
main fluorophore, fo=0,/ Q< 1.

4.2.2. Simulations.

It is our aim to analyze how the apparent number of molecules, N, depends on the brightness
and intensity ratios between impurity and fluorophore, f;, and f; respectively.

Figure 4 shows the influence of a fluorescent impurity (species 2) on the ratio N/N; between
the apparent number of molecules and the number of molecules of the species 1. This
representation is particularly instructive, since when we are not taking the impurities into
account we will be taking what actually is an apparent number of molecules, N, as the
number of molecules of fluorophore, N,.

The bigger the contribution of the impurity (species 2) to the total signal, the bigger the ratio
f, and the bigger the error ratio N/N,. The apparent number of molecules increases
nonlinearly with increasing ratio f.

At a given intensity ratio f;, the error ratio N/N; also increases when the brightness ratio, f;,
decreases, i. e. when the brightness of the impurity becomes smaller in relation to the
brightness of the fluorophore but its number, fy, increases. We can see this when we compare
the values of N/N, simulated at different f, ratios) at the same fixed f; in Figure 4. As an
example, we can take the case in which the contribution of impurities represents a fraction,
fi/ (i + 1), of 33% of the total signal (f;= 0.5). When fluorophore and impurity have the same
brightness (f, = 1, blue line), the apparent number of molecules is 1.5-fold the number of
molecules of fluorophore, N/N, = 1.5. When the impurity is 100-fold less bright than the
fluorophore, f, = 0.01 (black line), then the ratio N/N; goes up to 2.2.

A lower f, at fixed £ means a higher number of molecules of impurities. So we can state that,
for the same contribution to the total intensity signal, the impurities have a bigger effect in N
when there is a higher number of less bright molecules of impurities in comparison to the case
with a lower number of brighter impurity molecules.
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Figure 4. Simulation of the ratio N/N, versus the intensity ratio, f, at different brightness
ratios, f,. The black curve is very close to the limit when f, tends to zero. Dashed vertical line
at f; = 0.5 (fraction 33%).
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Figure 5. Simulation of the ratio N/(N, + N,) versus the intensity ratio, at different brightness
ratios. N is the apparent number of molecules, and N, + N, is the real number of molecules.

When f, is very low, the error ratio N/N, becomes independent on f,, and the curves N/N,
vs. fi will then be showing the influence of the background (solvent contribution to the signal)
on the apparent number of molecules, N.
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Figure 5 shows the relation between the apparent number of molecules, N, and the real total
number of molecules, N;+N,. The apparent number of molecules is equal to the total number
of molecules only when the brightness of the two species are the same, in any other case N
will always be smaller than the sum of the molecules of the species 1 and 2, N,4+N,. The more
different the brightnesses of impurity and fluorophore are, the smaller is the apparent number
of molecules in relation to the real number of molecules (compare curves for f, = 0.5, green;
and f,= 0.01, black, in Figure 5). Regarding to their contribution to the signal, the more
similar are the values of the intensity coming from the fluorophore and from the impurity
(the closer f is to 1), the bigger will be the decrease in the apparent number of molecules
(note how the curves reach their minimum at fi= 1, in Figure 5).

4.2.3. Effect of the impurities during a titration.

FCS is very often used to study host-guest association systems. Commonly there is a
fluorophore or labeled molecule (guest) which forms a complex with a supramolecular system
which acts as a host (micelles, cyclodextrins, DNA, etc.). A typical strategy is to perform a
titration measuring fluorescence correlation curves for samples at a fixed concentration of
fluorophore (guest, G) and different concentrations of host, H.

H + G == HG

In this kind of experiments, the increase in the mean diffusion coefficient is analyzed in order
to determine the equilibrium constant K of the system. As long as the host is not fluorescent
and there is only one guest per complex, as it occurs in the typical scenario of a 1:1
complexation, the number of fluorescent molecules should remain constant.

However, even under these conditions a variation in the apparent number of molecules can be
observed during the titration, which is due to the impurities present in the system. As we will
show in the following, it is necessary to take into account the influence of the impurities in
order to obtain a correct estimate for the equilibrium constant K.

We propose two simple models that would explain variations in N among the different
samples of a titration (Figure 6). In the first model we consider that the impurity is only
present in the stock of the guest (Model A), whereas in the second model we consider that
the impurity is only found in the stock of the host (Model B).
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Figure 6. Scheme of the two models which consider the presence of impurities in the stock of
guest (Model A) or in the stock of host (Model B) during a titration.

Model A: Impurity in the stock of the fluorophore (guest).

This model assumes that the concentrations of both, impurity and fluorophore, remain
constant throughout the titration (fy, N;, N, constant). Note that always that we have an
impurity responsible for part of the intensity of the detected signal, the apparent number of
molecules, N, will be different to the number of molecules of the fluorophore, V,. However, as
long as fy stays constant, then the apparent number of the molecules will not change during
the titration, unless either the brightness of the fluorophore or the brightness of the impurity
changes, (eq. 19).

According to this, a variation in N observed during the titration can be explained by
considering a change in the brightness ratio, f, depending on the concentration of host,
according to the chemical equilibrium. This can happen when the interaction between host
and guest affects its brightness. Alternatively, an interaction between the impurity and the
host could also be considered. As long as this interaction affects the brightness of the
impurity this would also lead to a change in the brightness ratio, f,, in this case due to a
change in the brightness of the impurity instead of the guest. However we consider this
possibility much more unlikely to happen and will focus on changes of the brightness of the
guest with the brightness of the impurities remaining constant (), constant).
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Following a 1:1 equilibrium the guest would change between free and bound states. We
consider two different values for the brightness of the guest: @),y which refers to the
brightness of the free guest and @), which refers to the brightness of the guest bound to the
host. The brightness of the guest can be expressed as the weighted average of these two
values, being X; and X, the molar fractions of free and bound guest, respectively (this is
justified as long as the exchange between the two states is much faster than the diffusion

time, which is the case in the systems we studied):
Q1= Qi X¢+ Q1p Xp (23)

We can rewrite the equation 23 taking the molar fractions as a function of the equilibrium
constant, K, and the host concentration [H] (eq. 24 to 26).

K = 1ol (24)
[G][H]
X
KIH] == (25)
14 (Qyp/Qs¢) K [H
Q: = Ql,f( (Ql'i/KQ[I'{f]) [ ]) (26)

The brightness ratio, fq, will then depend on the brightness ratio in absence of host, fq,, the
equilibrium constant, K, the host concentration and the ratio between the brightness of

bound and free guest, ¢.

q= % (27)

- 0 (28 »
fao = g_lzf (29)

fo = % ~ Joo (11++qKK[I[_lI-]I]> (30)

The ratio between the brightness of bound and free guest, ¢, will give the maximum change
in the brightness ratio, which varies with host concentration vary from f,= f,, at [H] =0,
to fo = fo.eo at saturated concentrations of host ([H] = o00).
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1
fallHl =) = for = fao(7) (31)
_ Jao
q= foe (32)

In order to obtain a model for the change in the apparent number of molecules, we include
this dependence of the brightness ratio on the concentration of host and the equilibrium
constant K (eq. 30) in the equation 19:

' (Voo i (Fmdtil) + 1)2 .
M fQ,osz (—11:6115([{11}])2 +1

| [
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Figure 7. Simulation of the ratio between the apparent number of molecules, N, and the
number of molecules of the species 1, N, versus the product K [H], at two different conditions of
the brightness ratio, f,. In the black curve, f, changes from 0.01 to 0.001 (¢ = 10). In the grey
curve, f, changes from 0.001 to 0.01 (¢ = 0.1). fy was set to a value of 100 for both simulations.

Plotting the ratio N/N; against the product K [H] we obtain Figure 7. The curves show the
behavior for two different situations an increase and a decrease in the brightness ratio, fq,
with the concentration of host (¢ < 1 and ¢ > 1 respectively). When the brightness of the
guest increases as a result of the added host (¢ > 1, black curve) the ratio N/N, decreases
from its initial value at [H] = 0. On the contrary, when the guest is less bright in the bound
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state (¢ < 1, grey curve) the error ratio N/N, increases with concentration of host. In both
cases, the N/N; tends towards a final value at saturated concentrations of host. However, for
the case in which ¢ = 10 the variation in f, happens at lower concentrations of host than for
the case of ¢ = 0.1. It shows how a small fraction of molecules of guest in the brighter state
are enough to cause a significant decrease of the influence of impurities. At the same time we
see how it needs a much higher concentration of host to increase the apparent number of
molecules close to the saturation level in the case of a less bright bound state (¢ < 1).

In this model, N reaches a limit given by a saturation of the equilibrium which leads to the
change in brightness of the guest. This limit will depend on the ratio of molecules, fy, and the

brightness ratio, q.

N (foo’ i +1) (fow fu+ 1)’
No (fQ,ooz fN+1)(fQ,0fN+1)2

(34)

Using equation 33, the apparent number of molecules can be calculated at the value without
host, N,, and after adding enough host to saturate the equilibrium, N,. The ratio between
these two values of N is given by the equation 34. This expression allows one to calculate
which conditions of fy and ¢, would be necessary according to this model to explain a change
in N, from an initial value without host, N,, to a final value, N, after having the equilibrium

saturated (see simulation in Figure 8).

As an example, we can see in Figure 8 the following situation: in order to explain a 3-fold
increase in the apparent number of molecules due to the interaction between guest and host
assuming a 10-fold decrease in the guest brightness upon complexation (¢ = 0.1) we should
have a number ratio between impurity and guest, fy, of 10. Assuming a 100-fold decrease in
the guest brightness upon complexation (¢ = 0.01), the number ratio, fy, should be 2 for the
same change in the apparent number to be explained assuming impurities in the stock of

guest.

If we want to explain an observed decrease in the apparent number of molecules upon
addition of host at saturating concentrations of for example N /N, = 0.3, assuming a
100-fold more concentrated impurity in relation to the guest, it will require an increase for
the guest brightness of 10-fold from the free to the bound state. Although we use the general
term impurity here, this would also include those very low fluorescent molecules present in
typical dirty samples of guest. Note that when working at single-molecule concentrations of
fluorophore, it is not strange for some impurities to be in much higher concentration than the

main fluorophore.
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Figure 8. Simulation of the ratio between the apparent number of molecules at infinite host
concentration, N, and without host, N, for different brightness ratios between both species 1
and 2. The initial ratio of brightness, f;,, is 0.01 in all cases.

As a conclusion, we can summarize a brief protocol to evaluate the possibility of explaining
an observed change in the apparent number of molecules through the presence of impurities
in the stock of guest. The first step would be to check the conditions under which this model
applies, mainly the absence of impurities in the stock of host. Then, as a first approach we
can calculate (eq. 34 or use Figure 8 to extract which pairs of parameters, ¢ and fy, would
explain the change observed experimentally. Here we can fix the value of ¢ if we know from
previous studies the change expected in the brightness of the guest when it binds the host.
Finally, we would fit the model (eq. 33) to the experimental data and observe whether it is
capable of explaining the variation in N, as well as if the value of the equilibrium constant,
K, for the interaction between host and guest makes sense.

Model B: Impurity in the stock of host.

This model assumes that the impurity is in the stock of host, so that its concentration will be
proportional to the concentration of host in each sample.

In this case, even if we do not consider a change in the brightness ratio with the
concentration of host, the apparent number of molecules, N, will change because the number
ratio fy and the intensity ratio f; do depend on the concentration of impurities and thus on
the amount of host stock added (see Figure 6) according the following equation:
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N. m 1
=g ((" 2) T]) [H] = a[H] (35)

ny stock [

The parameter a depends on the concentration of the fluorophore and the ratio between the
concentrations of impurity and host in the stock. Using this expression for the number ratio
in equation 19, we get the error ratio N/N, as a function of the brightness ratio, f,, the

parameter o, and the concentration of host, [H]:

N _ (folHle+1)*

N1 sz [H]Of +1 (36)

1+ K[H] 2
o (o e
N - 2
b R e (T ) +1

As we can see for the black and red curves in Figure 9 the influence of the impurities on N is
almost linear with the concentration of impurities or host. As could be expected, the increase
in the apparent number is much bigger for the case of bright impurities (black line).

Similarly to the model A, we can also consider a dependence of the brightness ratio on the
host concentration and an equilibrium constant, K. The variation in the apparent number of
molecules N will now follow a curve during the titration (see Figure 9) given by equation 37.

With data of the signal intensity for host and guest separately we can establish a relation
between f, and ¢, using the intensity signal of the impurities in the host stock (1), the
intensity signal of the guest in absence of host (/;), and the concentration of the host stock,
(H]

stock®

Iimp nimp QZ nimp
— i —— = H
I ny Q0 n fQO @ Hlstoox fQ'O (38)

Using eq. 38, we can replace parameter « in eq. 37 to obtain equation 39.

2

N (foo e Iliflf (r5axmm) + Y

N1 B H] Iimp ( 1+ K[H] (39)

2
1+ qK[H]) +1
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Figure 9. Simulation of the ratio between the apparent number of molecules, N, and the
number of molecules of species 1, N,, versus the number ratio, fy, at three different conditions of
the brightness ratio, f,. In the top and bottom curves, f, is constant at 0.02 and 0.0004
respectively. In the middle curve f, changes from 0.02 to 0.0004 according to an equilibrium,
which depends on the concentration of host.

We can conclude that the presence of impurities in the stock of host can also increase the
apparent number of molecules. This case is much easier to quantify since there is the
possibility of performing independent measurements of the host in absence of guest that will
allow one to quantify the amount and the brightness of the impurities. In contrast to the
impurities in the stock of guest, when the impurity is in the stock of host the apparent
number of molecules will always increase with the host concentration. The presence of
impurities in the stock of host will increase the error factor N/N; almost linearly with the
host concentration or the number ratio, fy. Additionally to the presence of impurities in the
stock of host it can also happen that the brightness of the guest depends on the complexation
equilibrium. In this case the plot of the error ratio N/N; versus [H] or fy, will be curved
(green curve, Figure 9). This curve will be similar to those obtained with model A (impurities
in the stock of guest) with ¢ < 1, but with a remarkable difference: in this case the curvature
also disappears when the equilibrium saturates, however, the error ratio will keep increasing
linearly after that due to the addition of more and more impurities.
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4.2.4. Experiments.

We will analyze experimental data in order to verify the two-species model for the correlation
curve. Also, using the equations deduced before, we will check whether the variations in N for

some experiments can be explained by the presence of impurities in the samples.
Checking the two independent species model using fluorescent beads.

Here we will use two types of fluorescent beads with different size (G25: 25 nm and G100:
100 nm) and different brightness in order to verify equations 19 and 40. As a simulation of a
real system, the larger and brighter G100 particles would represent the fluorophore
(species 1), whereas G25 beads, less bright and in higher number, would represent the
impurity (species 2), see Table 1.

Table 1. Fluorescence intensity (I), number of molecules (N) and brightness (@ = I/N) for the
samples of G100 beads, G25 beads and the mixture (G25+G100) determined from fits to the
correlation curves shown in Figure 10. Estimated and experimental values of the parameter r
and the ratio N,/N for the sample with both species.

Sample I /kHz N Q=1I/N
G100 (species 1) 11.5 0.092 + 0.001 126
G25 (species 2) 14.0 3.54 £ 0.01 3.96

G25 + G100 (142) 24.5 0.377 £ 0.001 65.1
r (simulation) r (fit) (sirri\lllllii‘::vivon) N,/N (fit)
0.96 0.97 £ 0.01 0.21 0.24 =+ 0.01

We measured the correlation curves for both types of beads separately, and then for a third
sample which is a mixture of both species, with each concentration equal to that of the
separate solution (Figure 10). The parameters obtained from the fit to the correlation curve
for the sample with both species are compared with those estimated according to the model
using the parameters from the fits to the correlation curves of both species measured
separately (Table 1).

From the fits to the correlation curves of the pure G25 and G100 samples we get the number
of molecules for each species (N; and N,), the signal intensity (/; and [,) and the brightness

(Q1 and Qz)

Using the equations 19 and 40, we can predict the apparent number of molecules, N, and the
parameter 7 for the third sample where both types of beads are mixed.
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Figure 10. Experimental (black) and fitted (grey) correlation curves for the samples of G100
beads (1), G25 beads (2) and a mixture of G25 and G100 (3). One species model was used for
samples 1 and 2, while the two species model (eq. 13) was used for the mixture.

According to the values in Table 1 for the samples 1 and 2, we predict an increase in the
number of molecules of almost 5-fold with respect to the number in sample 1, N/N, = 4.8,
after we mix the G100 and G25 beads keeping the concentration of samples 1 and 2.
However, the predicted r shows that the influence of the G100 beads on the diffusion term is
0.96, very close to 1, which indicates that G25 beads will barely have influence on the
diffusion correlation time.

These results of the simulations show very good match with the parameters obtained
experimentally of 4.2 for N/N, and 0.97 for r, proving that the model works satisfactorily.

This experiment also illustrates the influence of typical impurities in FCS. A very important
impurity contribution to the intensity signal (57% in this example) can affect drastically the
apparent number of molecules (in this case N is more than 4-fold the number or molecules of
the G100 beads, which would represent the species of interest). However, the diffusion term is
barely affected by the G25 beads - that is because the G100 beads are much brighter than
the G25 beads, @/, = 32 (in the same way as the fluorophore is normally much brighter
than the impurity). Therefore, we can conclude that as long as the brightness of our
fluorophore is much higher than the brightness of the impurity over the whole range of
concentrations in the titration, we can get very accurate values for the diffusion time of the
fluorophore even at high levels of impurity (in this example, the G25 beads contribute more
than half the intensity). We should, however, take into account that the apparent number of
molecules can be strongly affected.
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Checking the model for scattered light.

In a FCS signal, there is always a certain level of background intensity due to scattered light
by the solvent. The scattered light can reach important contributions, depending on the type
of buffer, the use of some biological samples, or due to a low brightness of the fluorophore.
We can easily estimate this contribution of the scattered light by measuring the solvent or

buffer before adding the fluorophore.

As we saw in section 3.1.1, the influence of scattered light on the apparent number of
molecules, N, can be modeled as an impurity, with very high concentration but very low

brightness.
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Figure 11. Solid squares (left Y-axis scale): Values of the apparent number of molecules, N,
obtained from the fit of the FCS correlation curves when measuring OG488 at a fixed
concentration and different pHs. Open circles (right Y-axis scale): Mean count rate, I, for the
FCS measurements of the OG488 at different pHs.

We perform an experiment to check the model with scattered light by measuring the
fluorophore Oregon Green 488 (OG488) at different pHs. The brightness of this fluorophore is
very sensitive to pH, showing a strong increase around its pKa of ~ 4.7. This allows us to
change the brightness of the fluorophore without affecting the number of molecules, N;.
Changing the pH, the intensity coming from scattered light is always the same, but its
contribution with respect to the total signal changes because of the change in the OG488
brightness with pH.
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When we measure correlation curves for the OG488 at different pHs (see Figure 11), the
intensity signal (right scale, circles) is observed to increase with the pH in the range from 1
to 6, whereas the apparent number of molecules (left scale, squares) decreases.

We fitted the two functions for the variation in the apparent number of molecules, N, to the
experimental data, assuming a second fluorescent species (equation 19) and the scattered
light (equation 22, Figure 12).

100 —————F——7———— 10.0 — T

| ® Model with a second | ' ®m  Model with
9.5 | fluorescent species - 9.5 uncorrelated .
background signal

90 e 90 g
2 2>
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Figure 12. Scatter: Values of the apparent number of molecules, N, obtained from the fit of the
FCS correlation curves when measuring OG488 at a fixed concentration and different pHs versus
the mean count rate, I. (Note: brightness of the OG488 increases when increasing the pH, see
Figure 11). Lines: Curves obtained by fitting the equations for the model which describes the
influence on N by a second species (eq. 19), (left), and that one simplified when the second
contribution comes from uncorrelated background signal (eq. 22) (right) which models the
scattered light.

Both functions can describe satisfactorily the variation observed in the experimental data.
Using the model for a second fluorescent species, we get a very high value for the ratio N,/N;
(see Table 2) — condition under which both functions become equivalent, confirming that the
observed effect in the number of molecules is caused by the increase in the contribution of the
scattered light when the brightness of the fluorophore is reduced by the decrease in pH.

Table 2. Values of the number of OG488 molecules, N, the intensity of the second species or
background signal (1), and ratio N,/ N, for the fits represented in Figure 12.

MOdel Nl 12 (Ibackgmund) /kHZ fN = NZ/NI
second species 7.9 0.21 10"
uncorrelated background signal 7.9 0.21 -
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As a result of this analysis we get interesting information, such as the real number of OG488
molecules, N,, which is 7.9. Logically, this value is very close to the apparent number of
molecules in those samples in which the brightness of the OG488 is higher (pH = 5.8). In
contrast, at pH = 1.3 the increase in the apparent number of molecules in comparison with
the real one is more than 20%.

We also obtain a value for the intensity of the scattered light, which is 0.21 kHz, representing
a 1% of the signal at pH = 5.8, but almost a 10% at pH = 1.3.

4.2.5. Variations in the number of molecules during titrations.

In order to study many complexation systems by FCS we perform titrations, in which the
concentration of the labeled molecule remains constant at a low value (single-molecule
regime) to measure several samples at different concentrations of the second species (typically
the host, when we are studying host-guest systems).

When we study this kind of systems in FCS, a common manifestation of the presence of
impurities is the change in the apparent number of molecules during the titration, when it
should remain constant. In such a case, it becomes necessary to analyze the variation in the
apparent number of molecules to determine whether it can be attributed to impurities present
in the stocks of host or guest.

Impurities in the interaction between a Surfactant and a fluorophore.
(Triton X-100/Coumarine 152).

Here we study the influence of impurities in an additive, such as a surfactant, on the
apparent number of molecules of fluorescent guest. Surfactants are difficult to purify and,
given their high concentrations in the milli-molar range in a typical solution, even a very
small fraction of impurities can be comparable in concentration to that of the guest. The
guest in this complexation is the dye Coumarine 152 (C152) and micelles of the surfactant
Triton X-100 (TX100) act as a host.

The concentration of C152 is kept constant, so that the number of molecules should not
change when we add surfactant. In Figure 13 we show the data for a preliminary titration for
this system, where we observe an unexpected increase in the number of molecules. In separate
measurements of the surfactant we detected a small fluorescent signal. This makes it
necessary to check whether the impurities in the TX100 solutions can explain the behavior in

the apparent number of molecules.
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We try to fit the two models proposed before (see section 4.2.3.): model A which assumes
fluorescent impurities in the stock of fluorophore, and model B which considers the impurities
are in the stock of host, in this case, the surfactant TX100. By trying to fit model B using
equation 37 we will check whether the intensity of the signal measured in samples of TX100
without C152 can be responsible for the observed increase in the number of molecules. The fit
of model A to the experimental data will show us which characteristics should have an
impurity present in the stock of C152 to explain the variation in N.

10 15

¢ ] Model A | ol Model B |

) 1 2 3 0 1 2 3
[Host] /10 M [Host] /10™ M

Figure 13. Scatter: Different values of the apparent number of molecules, N, obtained from the
fit of the FCS correlation curve when measuring different concentrations of surfactant TX100 at
a fixed concentration of Coumarine 152 (Note: data are the same in both graphs, however for
the fit of Model B we use ratio N/N, instead of the absolute N value because in that case we
know the value of N, from the sample without TX100). Lines: Curves obtained by fitting the
equations for the models A (left) and B (right) described before, to the scatter points.
Fit-parameters are in both cases highly correlated and their values are discussed in the text.

Although both models can explain the variation in the experimental data when we leave all
the fitting parameters free, we must fix those about which we have some information. In this
case, we know that C152 increases its brightness upon binding the TX100 micelles, so ¢ was
fixed in a value of 4 (see Chapter III). Model B is unable to successfully fit the data with the
other fit-parameters fully correlated, whereas Model A can describe pretty well the variation
in the experimental data. Fit-parameters in model A are also highly correlated, so this makes
necessary to fix some of them to get reasonable values. In order to explain the observed
change in N, Model A considers an impurity in the stock of C152 which has to be brighter
than C152 (f, was fixed in 10, which means 10-fold brighter), then according to the fit, this
impurity will be around 10-fold less concentrated. This makes clear that the impurity has to
be another fluorophore, being much brighter and much less concentrated than C152 itself.
This impurity decreases the apparent number of molecules when there is no TX100, in
relation with the real number of molecules of C152. When TX100 is added, the brightness of
the C152 goes up and therefore also its contribution to the apparent number of molecules, so
that the apparent N increases. The value obtained for the equilibrium constant, K, is
consistently lower (about 10-fold) than that expected for the interaction C152-TX100. This
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fact can be easily explained under the assumption that the interaction with the TX100 affects
the impurity brightness; in this case the K in the model will be actually an apparent
equilibrium constant since the interaction of both dyes with the TXI100 affects their
brightness ratio.

We know from separate measurements that TX100 presents a significant intensity in the
total fluorescent signal. However, by trying to fit the model B we determine that this
contribution by itself cannot explain the variation in the apparent number of molecules, N.
Additionally, by fitting the model A we could easily determine what kind of impurity present
in the guest stock could explain the variation in the experimental data.

From this fit, we can obtain the parameters, f, f, and fy. Using the equations in section 4.2.1,
we could also predict the influence of this impurity on the diffusion term.

Impurities in the interaction between labeled DNA and a non-fluorescent binder.

In this system, the hybrid binder binds simultaneously to both, the minor and major dsDNA
grooves. The study was performed with Oregon Green 488 labeled DNA. Therefore, in order
to apply the models note that the binder would have the role of host, in the sense that the
titration is performed by progressively increase its concentration in the samples at a fixed and
low concentration of labeled DNA, which would be acting as the guest.

Model A (eq. 33) fits perfectly well to the experimental data (see Figure 14), keeping the fit-
parameters at reasonable values although with high correlation among them. This result

makes clear that a variation in N can be explained by the presence of impurities in the stock
of labeled DNA.

Considering the nature of the sample, a labeled macromolecule, there is a certain probability
for the impurity to be free Oregon Green, residue from the labeling or result of degradation of
the labeled DNA. According to this hypothesis, the impurity is as bright as the fluorophore,
since the attachment to the DNA does not affect OG brightness as long as DNA and binder
are not forming a complex. By including this condition and fixing fy,=1 (note this
parameters refers to the situation with [binder] = 0), we can get from the fit very good
estimations for fy, ¢, N; and K in this system (see Table 3).

The value obtained for ¢ is very close to zero, which means an enormous decrease in the
brightness of the conjugated OG488, ();. This result together with the observed decrease in
intensity observed upon addition of binder can be explained by a quenching of this Oregon
Green when the DNA forms a complex with the binder. Therefore, when the binder is added,
the brightness of the conjugated Oregon Green, @, decreases and the brightness ratio, fq,
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increases, which leads to a ¢ < 1. The free Oregon Green does not interact with the binder,

S0 it maintains its brightness.
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Figure 14. Scatter: Different N values obtained from the fit of the FCS correlation curve when
measuring different concentrations of hybrid binder at a fixed concentration of Oregon Green
488-labeled DNA. Lines: Curves obtained by fitting the equations 33 and 37 for models A (left)
and B (right) respectively. (Note: experimental data are the same in both graphs, however for
the fit of Model B we use ratio N/N; instead of the absolute N value because in that case we
know the value of N, from the sample without binder).

The value of 0.6 for the parameter fy= N,/N, shows us that approximately a 40% of the
Oregon Green is free, compared to a 60% that would be conjugated to the DNA. We
confirmed this fact separating the free Oregon Green from the labeled DNA by
chromatography and getting very similar proportions.

Table 3. Values of the parameters: fy, ¢, N, and K, obtained by fitting the equation 33 for

model A to the data of the variation in N for the titration of Oregon Green labeled DNA with
hybrid binder.

Fit-parameters (model A)

£, fo= N,/N, q N, K /uM?

1 (fixed) 0.6 £0.1 =~ 0 4.6 +04 111 £ 31

The value for the equilibrium constant is in the order of magnitude of that one we would
expect for the interaction between the binder and the DNA, 111 pM™'. In this case,
monitoring the change in the number of molecules during the titration could represent an
alternative to the use of other variables, such as the diffusion time, for the determination of

the equilibrium constant.

In order to check whether the presence of impurities in the stock of binder can explain the
variation in N eq. 37 and eq. 39 were fitted to the experimental data (Figure 14, center and

right plot respectively). The former leads to nonsense values for the fit-parameters (see
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Table 3), such as an impurity 13 times brighter than the Oregon Green or a value of zero for
the equilibrium constant. The latter introduces more constraints to the fit by using data of
the intensity signal for the samples of DNA and binder (model B*). For this fit,
concentration of the binder stock, its intensity signal, together with the intensity signal of the
labeled DNA sample without binder were fixed using the values of each individual
measurement. The third plot in Figure 14 shows how model B is unable to fit the data, which
means that this behavior in the apparent number of molecules during the titration cannot be
attributed to an impurity in the stock of the hybrid binder.

Table 4. Values of the parameters for the fitting of equations 37 (model B) and 39 (model B*)
to the data of the variation in N during the titration of Oregon Green labeled DNA with hybrid

binder.
Fit-parameters (model B)
£ K /uM q a /pM™
13 ~ 0 ~ 0 0.08
Fit-parameters (model B*)
fy K /Mt q I, /kHz Ly, /KHz [H] et /MM
1610 0.42 ~ 0 20 (fixed) 0.35 (fixed) 1.7 (fixed)

Impurities in the interaction between a labeled binder and DNA.

In this preliminary titration for the system Oregon Green 488 labeled Bisbenzamidine/DNA
we observed a very important increase in the number of molecules when DNA is added at a
constant concentration of labeled binder.

N values obtained from individual fits to the correlation curves of each sample of the
titration. In order to explain a non-linear variation of N during a titration, Models A and B
require that the brightness of the dye changes upon adding DNA, which is known to occur
with this labeled binder. Since the stock of DNA presents a relatively important signal, it is
reasonable to consider an impurity in any of the stocks, the OG488-labelled Bis-benzamidine
(bbaOG) or the DNA.

Both models were fit to the values of N vs. DNA concentration obtained during the titration
(see Figure 15).

Model A considers an impurity in the binder stock. The fit-parameters although highly
correlated indicate that the impurity should be brighter than the binder and less
concentrated (f,> 1, fy < 1). Thus, when we add DNA, the binder brightness increases and
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so does its contribution to the apparent number of molecules. Knowing the process to
synthesize the binder, it is very likely that the impurity is free Oregon Green, from an
uncompleted purification or degradation of the labeled binder. We also know that Oregon
Green conjugated to the binder is around 10 times less bright than the free OG, and that it
recovers its brightness when binder and DNA form a complex. Taking this into account the
values of f, and ¢ can be fixed in the fit (see Table 5). Although the curve (Figure 15-A) does
not change due to the correlation among the fit-parameters, this allows us to obtain a much
better estimation for the number ratio between impurity and binder, fy, the equilibrium
constant for the complexation binder-DNA, K, and the number of binder molecules in the

sampling volume, N,.
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Figure 15. Scatter: Different N values obtained from the fit of the FCS correlation curve when
measuring different concentrations of DNA at a fixed concentration of Benzamidine-
OregonGreend88 (Note: data are the same in both graphs, however for the fit of Model B the
ratio N/ N, is preferred instead of the absolute N value). Lines: Curves obtained by fitting the
egs. for the models A (left), B (center) and B* (right) described before, to the scatter points.

Table 5. Values of the parameters for the fitting of equations 33 (model A), 37 (model B) and
39 (model B*) to the data of the variation in N during the titration to study the interaction
between a OG488-labeled binder and DNA.

Fit-parameters (model A)

fy K /M q = Ny/N, N,
10 (fixed) 0.008 10 (fixed) 0.1 15
Fit-parameters (model B)
£ K /uM q a /uM?
0.01 0.006 10 (fixed) 8.35
Fit-parameters (model B*)
fQ K /lﬂ\'/lil q 11,0 /kHZ limp /kHZ [H]stock /lﬂ\/lil
~0 ~0 10 (fixed) 4.11 (fixed)  2.83 (fixed) 96 (fixed)
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Model B is able to fit the experimental data when equation 37 is used (see Figure 15, model
B). The change in brightness of this binder from free to bound state can be again fixed in 10
(see Chapter IV), the equilibrium constant, K, shows a reasonable value contrarily to what
happens with the correlated values of o and f;, which do not match the experimental data of
signal intensities as it is proved when fitting equation 39 (model B* in Figure 15). Intensity
signal of the DNA stock was measured in absence of binder allowing to fix additional values
in the fit of equation 39 (see Table 5). This final fit clearly shows that the variation in N
cannot be explained just in terms of the impurities present in the DNA stock when the model
takes into account data of the intensity signals. However, given the fact that DNA without
added binder presents a relatively high signal, the influence of these impurities could explain
why model A is not able to completely reproduce by itself the variation in N. Therefore we
can conclude that, in this case, there is a major effect on the apparent number of molecules
due to the free OG present in the binder stock; with and additional but lesser influence of the
impurities in the stock of binder.

4.3. Apparent Diffusion Time.
4.3.1. Theory.

The impurities in FCS samples not only affect to the apparent number of molecules, but also
the diffusion term and, therefore, the diffusion times obtained from the fit to the correlation

curves.

In order to analyze the influence of impurities on the diffusion term we will use the same
model as for the case of the apparent number of molecules (Figure 3). In this model we
consider a homogeneous impurity, behaving like a second fluorescent species.

Using the ratios f, and f; defined before, we can rewrite the expression for the parameter r
from equation 12 as follows:

1

TR+l

(40)

Performing simulations for the value of r, we can estimate how the diffusion time will be
affected by the presence of the second species or impurity. The contribution of the main
species in the diffusion term is given by r, whereas 1-r represents the contribution of the
impurity. In situations in which either the brightness or the signal intensity from the
impurity is very low with respect to the main species (f, fi < 1), r will remain very close to 1.
On the contrary, the bigger the product f, f; , the more r will move away from 1.
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We can compare the contribution of species 1 in the diffusion with its molar fraction
combining equations 19, 20 and 40, getting an idea of the contribution of the species 1 to the

diffusion term in relation with its number ratio.

r =f,/fQ+1
N;/(Ny +N;)  fofit1

(41)

4.3.2. Simulations.
Contribution of the impurity to the diffusion term.

Figure 16 shows the contribution of the impurity (species 2) to the diffusion term, 1-r, as a
function of the brightness ratio, f,, and the intensity ratio, f;, according to the equation 40.
As expected, the contribution of the impurity to the diffusion term increases with f.
However, in contrast to the behavior of the apparent number of molecules (see Figure 4), the
higher f, the bigger the influence of the impurity on the diffusion time (Remember that at
given fi a higher f, implies a smaller f). As an illustrative example we take a dim but
numerous impurity: if we have a contribution of the impurity (species 2) to the fluorescence
intensity of 50% (fi= 1) and a brightness ratio f, = 0.01, then the influence of the impurity
on the apparent number of molecules will be very high, N/N, = 4 (Figure 4), but very low on
the diffusion term, 1-r < 0.05 (Figure 16, black curve at fi=1).
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Figure 16. Simulation of the factor 1-r versus the intensity ratio, at different brightness ratios.
1-r is the contribution of the species 2 (impurity) to the diffusion term of the correlation curve.
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Figure 17. Simulation of the ratio between the factor r and the number ratio of the species 1,
versus the intensity ratio, f, at different brightness ratios. The ratio between the factor r and
the number ratio of the species 1, gives an idea of the contribution of the species 1 to the
diffusion term in relation with its number ratio.

Using equation 41, we observe that when both species have the same brightness their
contributions to the diffusion term coincide with their molar fractions. However, when the
species 1 is brighter than species 2, its contribution in the diffusion term will be higher than
that corresponding to its molar fraction (see Figure 17). We observe also in this case that the
higher the intensity from species 2 (less bright) the higher the contribution in the diffusion of
the species 1 (brighter species) with respect to its molar fraction.

Apparent diffusion time.

Once we know how impurities affect to the value of r, it is very interesting to determine how
r affects the apparent diffusion time that we obtain in the analysis of correlation curves of
samples with impurities.

Commonly, although there are two species in the sample (fluorophore and impurity) the
correlation curve can be fitted satisfactorily using the model for a single species. This
situation can occur especially when we are not aware of the presence of an impurity in our
system and when it has a diffusion time similar to that of main fluorophore. In these cases, as
a result of the fit, we get a value of the diffusion time (apparent diffusion time) that will
depend on the parameter r, but also on the diffusion times of both species.

In order to study this dependence, several correlation curves were simulated using the two-
species model (equation 13). Five different values for the diffusion times 7 and 7, were
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chosen, covering the range 0.1 to 10 for the ratio 7, /7. For each pair of diffusion time values,
five different correlation curves were simulated with the parameter r set in values from 0.5 to
0.99. As a result we got a matrix of 5x5=25 correlation curves, with the rest of the
parameters in common for all of them. The single-species model (equivalent to the two-
species model when 7= 1) was then used to fit each of these curves, obtaining the
corresponding value for the apparent diffusion time, z,, (see Figure 18, for an example of five

app

of these curves with their correspondent fits).

If we plot the ratio
that they follow a power function as indicated in the Fig. 15, whose exponent depends
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Figure 18. Example of five simulated correlation curves in a stacked plot. In black, simulated
curves using the two-species model with the following parameters: N = 5, 6 = 5, 7; = 100 ps,
7, = 1000 ps, r = 0.5, 0.7, 0.9, 0.95 and 0.99 (from bottom to top curve, respectively). In grey,
fitted curves using the single-species model, which gives the following values for the apparent

diffusion time (from bottom to top curve): z,,, = 319 us, 191 us, 122 us, 110 us and 102 us.

Tapp

Figure 19. Left panel: Fit to the generated data 7,,/7 vs. %/7 at different values of the
parameter r using a power fit function. r is the contribution of species 1 to the diffusion term of
the correlation curve. 7, and 7, are the diffusion correlation times for the species 1 and 2,
respectively. 7, is the diffusion correlation time obtained from the fit of the 1-species model to
the two species correlation curve, simulated with the values of 7, , and r. Right panel: Linear

fit to o (exponents obtained in the fit z,, /7 vs. 5,/7) vs. 7 values.

/7 versus the ratio 5/ 7, for different values of r (Fig. 19), we can see

on r.
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If we represent the exponent of the power function, o(r), versus the values of r, we get the
linear dependence p(r) = 1-r as shown in (Figure 19, right). This leads to the empirical
function for z,,, given in equation 42. Note that this equation was obtained simulating a
maximum 10-fold difference between the diffusion times, range in which it would make sense

trying to use a single diffusion time fit.
Tapp = T1' T2' 77 (42)

In this expression the apparent diffusion time, z, ., is given as the geometric mean of the

app?
values 7; and 7, weighted by the parameter r. In order to perform simulations we rewrite the

equation 42 more conveniently in relative terms as follows:

Tapp _ (T_2>1—r (43)
71 T1

Figure 20 shows that, as expected, the bigger 1-r is and the more different the diffusion times
of species 1 and 2 are, the more the apparent diffusion time moves away from the main
species diffusion time. However, the influence of an impurity on the apparent diffusion time is
much smaller than on the apparent number of molecules, especially in the case of a not too
big contribution r and similar diffusion times of the two species. In the case of significantly
different diffusion times these can be usually well separated in a fit of a two-species model to
the correlation curve.
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Figure 20. Simulation of the ratio 7, /7 vs. (1-r) at different values of the ratio /7
according to equation 43. 7 and 7, are the diffusion correlation times for the species 1 and 2,
respectively. 7, is the diffusion correlation time obtained from the fit of the 1-species model to
the two species correlation curve. 7 is the contribution of the species 1 to the diffusion term of
the correlation curve, the contribution of the species 2 is 1-r.
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4.3.3. Experiments: influence of impurities on the diffusion term.

In some of the systems we have studied, the impurities in the stock of host presented a
diffusion time higher than the diffusion time of the fluorophore (guest). Then, we had the
problem of deciding whether the increase in the diffusion time observed when we add host to
the fluorophore was due to the interaction between host and guest or it was due to the
influence of the impurities in the host stock.

In order to solve this problem, first, we need to measure the correlation curves for guest and
host separately. Then, using equation 40 and 42 we can predict the apparent diffusion time
assuming no interaction between host and guest. If this predicted time matches the diffusion
time obtained from the fit to the experimental correlation curve for the mixture of host and
guest, it will mean that the increase in the diffusion time is mainly due to the impurities in
the stock of host. On the contrary, if the experimental diffusion time is bigger than the one
estimated for the non-interaction case, we can conclude that the increase in the diffusion time
is the result of an interaction between host and guest.

In Table 6 and Table 7, we present the data for two different host-guest systems where the
host stock was contaminated with fluorescent impurities, whose diffusion times could be
measured and happen to be higher than the diffusion time of the fluorophore. In these cases,
an increase in the diffusion time of the fluorophore upon addition of the host can be
misinterpreted as a host-guest interaction being maybe only an effect of the impurities.

Impurities in the interaction between a labeled binder and DNA.

When we study the interaction of small binders, such as this Coumarine labeled
Bisbenzamidine (bbaCou), with DNA, the DNA commonly presents high levels of fluorescent
impurities, with diffusion times bigger than the diffusion time of the binder. This, together
with the fact that the proportion of binder molecules, which attach to the DNA is low at
these DNA concentrations, make it difficult to decide whether the increase observed in 7, was
due to the impurity or due to the interaction of the binder with the DNA.

For this binder, it is clear that there is interaction with the sequence of high affinity
(AAATTT), because the experimental diffusion time is bigger than the diffusion time of the
impurity (see Table 6). However, for the low affinity sequence (GGCCC) the increase in the
diffusion time after adding DNA is very small, and the experimental diffusion time, 7, is
still lower than the diffusion time of the impurity.

With the experimentally determined ratios f; and f, for this system, we can calculate the
value for r using equation 40 and then with eq. 42 the apparent diffusion time after the
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addition of the impurity to the binder considering no interaction between binder and

DNA7 TD‘sim'

Table 6. Parameters (7, I, N and ) obtained from the measured FCS curves of the guest
(bbaCou) and host (DNA, ppp or DNAGqoe) separately. Parameters (f;, f,, r) calculated from
the individual curves of host and guest to obtain an estimation of the diffusion time for the
sample with both (z,,). The experimental diff. time, #,.,, was obtained from the fit to the

measured FCS curve for the sample with binder and DNA.

7 /1S I /kHz N Q
bbaCou 34.2 4.93 2.82 1.75
AATTT 7.08 pM 63.2 1.16 1.03 1.13
GGCCC 8.5 1M 55.7 0.87 0.62 1.41
f fy r Tosim /15 Tpexp /1S
bbaCou + AATTT 7.08 pM 0.23 0.64 0.87 37 87.4
bbaCou + GGCCC 8.5 ntM 0.18 0.81 0.88 36 52.6

If we compare the value for the g, with 7, we can see that the influence of the impurity

on the apparent diffusion time is still far away from explaining the experimental values. This

clearly indicates an interaction between binder and DNA, even for the low affinity sequence

(GGCCCQ) in spite of the very low increase in the diffusion time.

Impurities in the system Alexa/Cyclopeptide.

Here we study the interaction of a cyclopeptide (CP) as host, with two different guests, the
dye Alexa 488 (Alexa) and this same dye bound to trichloromethane (CCl;-Alexa), see

Figure 21.

wN
(0] \
HoN Cl Cl

Figure 21. Structures of the cyclopeptide (a) and dyes: Alexa (b) and CCl-Alexa (¢) used in

this experiment.
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We observed that the stock of cyclopepide has some kind of fluorescent impurity and, after
measuring a correlation curve in FCS, we get a value for its diffusion time which is bigger
than any of both Alexa dyes (see Table 7).

Adding cyclopeptide to the fluorophores we observe a small increase in the diffusion time as
compared to that of the dye alone, but in both cases the apparent diffusion time is below that
of the impurity in the cyclopeptide stock.

Again, from the values of f; and f; for this system and using equations 40 and 42 we can
calculate the estimated diffusion time for the sample with dye and cyclopeptide, assuming
that the observed variation is only due to the addition of a second fluorescent species
(impurity) without any interaction between them.

For both dyes, Alexa and CCl;-Alexa, the apparent diffusion time obtained experimentally,
Tpexpr 19 significantly higher than the simulated diffusion time, 7, (Table 7). We conclude

therefore, that complexation of the cyclopeptide occurs with both Alexa dyes.

Table 7. Parameters (z,, I, N and @) obtained from the measured FCS curves of the guest
(Alexa or CCly-Alexa) and host (Cyclopeptide) separately. Parameters (f;, f,, r) calculated from
the individual curves of host and guest to obtain an estimation of the diffusion time for the
sample with both (7, ,). The experimental diffusion time, 7., was obtained from the fit to
the measured FCS curve for the sample with dye and cyclopeptide.

7 /1S I /kHz N Q
CCly-Alexa 62.6 354 4 8.9
Alexa 55 20 2.1 9.5
Cyclopeptide (CP) 69 1.51 0.24 6.3
f f I T sim /1S T exp /115
CCl-Alexa + CP 0.04 0.71 0.97 63 70.4
Alexa + CP 0.08 0.66 0.95 56 64.5

Although in the examples given here, the increase in the diffusion time was low upon addition
of the host, for both systems the experimental diffusion time was significantly bigger than
that estimated as an influence of the addition of impurities. Consequently, we could proof
that the increase in the diffusion time was always caused by an interaction between host and
guest, and not by the influence of the impurities in the stock of host.

We can conclude that performing the calculations explained in this section is very useful to
correctly interpret small variations in the diffusion time, even when we have a contamination
in the stock of host, which would move the diffusion time in the same direction than the
effect of the interaction we are studying.
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Bright impurity in the stock of the guest.

A stock of a DNA minor-groove binder labeled with the dye Oregon Green (BBA-OG) has a
purity of better than 95% in concentration as determined from HPLC. The impurity is known
to be free Oregon Green (OG), which has a brightness about 8 times higher than the
fluorescent label in BBA-OG (fy~ 8). This is the case of a small fraction of a very bright
impurity. The aim is to predict the influence of the OG-impurity in the BBA-OG-stock in the
FCS experiment.

FCS curves of solutions of BBA-OG yield correlation curves which can be well fitted with a
single diffusion time of z,,,= 305 us which is intermediate between that estimated for
BBA-OG (7= 360 pus) and the value of free OG (7, = 250 ps).

Which amount of impurity (free OG) is necessary in order to explain the observed apparent
diffusion time?

From equation 42 we obtain easily estimation for 7

T T 305 us 360 us
r=lIn app/lnt—1=l K a
2

= 0.55
z, " 250 us/ 1250 us (44)

From equation 40 and the known values of f, we can then estimate the number ratio fy=0.13:

~1-r1 1-0551

In=—7~ s g2 O (45)

This corresponds to a number fraction of the impurity (N,/(N,+N,) = 1/(14fy)) of only
1.3 %. This example demonstrates the strong sensitivity of FCS measurements to impurities
of high brightness.

4.4. Conclusions.

In FCS, special care must be taken with impurities and the effect they have on parameters
obtained in the fit to the correlation curves. Certain levels of impurities can be common when
we are using non-ultrapure reactants, products from synthesis not perfectly purified, or some
commercial chemicals which are not available at high grade of purity (DNA, surfactants,

cyclodextrins).

In many bulk spectroscopy techniques or those single molecule techniques in which the
molecules are fixed to a surface, these impurities can be neglected or removed. However, when
we use a single molecule technique in solution, such as FCS, without applying any kind of
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filtering to the data (cross-correlation, FLCS, etc.) the impurity can have a significant
influence on the measurement results.

Knowing the extent of the influence of the impurities in FCS experiments, we can evaluate
whether they are affecting our results and decide whether it is worth trying to remove them
from the system. Sometimes it will be enough to be able to quantify their effect, and to take
it into account to interpret the results.

Impurities in FCS have a strong influence on the apparent number of molecules, N. In this
case, the easiest way to quantify the effect is through their contribution to the intensity
signal. With this value we can calculate the maximum influence on N, which will be given by
a situation with a highly concentrated impurity with very low brightness.

In cases in which the impurity are molecules that are much less bright than the fluorophore
we are interested in (less than 1%) but with huge contributions to the intensity (up to a
50%), the influence on the number of molecules will be very high, but neglectable on the
diffusion time. The scattered light coming from the solvent is a clear example of this
situation.

On the contrary to what happens with the number of molecules, the diffusion time will be
much more affected by impurities with high brightness. Also, the more different in size are
the fluorophore and the impurity the bigger will be the influence on the diffusion time.

In this work we presented different examples of host-guest complexations with unexpected
increases in the apparent number of molecules during titrations at constant concentration of
fluorophore. This behavior could be explained as an effect of impurities present either in the
stock of fluorophore or in the stock of host. Probably in some case, we observe the influence
of both types of impurities.

During a titration, if the brightness ratio between fluorescent guest and impurity is
dependent on the concentration of added host, it will cause a variation in the number of
molecules following a saturation curve.

We can detect an impurity in the stock of guest by an unexpected change in the apparent
number of molecules during a titration, as long as the brightness ratio between guest and
impurity depends on the concentration of added host. The knowledge of two of the three
ratios f;, fy and f, allows us to estimate the effect of the impurity on N and 7, For this
reason, even once we know an impurity is present in the stock of guest, we would need the
comparison with a clean sample of fluorophore to be able to quantify its effect.
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In the case of an impurity in the stock of an unlabeled host, we can easily measure impurity
and fluorophore separately, and calculate the ratios f;, fv and f,. With these values and the
equations we have proposed we can predict the influence on the number molecules and on the
diffusion time. It allows us to interpret correctly the data in FCS, and distinguish between
those effects caused by the impurity and those due to the interaction between host and guest.
Calculations and analysis discussed in this work make possible to study systems with certain
levels of impurities even when the effects of the interaction between host and guest are weak.

5. Practical Aspects of FCS.
5.1. Laser Beam Diameter Determination.

The small detection volume is crucial in SMD. In FCS experiments, however the optimum
size of the focus will depend on each system under study, as we will discuss later in this
chapter it. One can change the focus size by tuning the size of the laser beam, which can be
easily done using different collimators.

The radius of the laser beam before entering the objective depends on the numerical aperture
of the optical fiber, NA, and the focal length of the collimator, f:

Rpeam = NA feor (46)

Then the radius of the focus will depend not only on the radius of the laser beam, but also on
the focal length of the objective, f,,;, and the wavelength of the laser, 1.

A fobj
Rfocus =—>0

47
i Rbeam ( )

According to these expressions, in Table 8 the radius of the laser beam and focus are
calculated for the different setups used in this thesis.

It results very interesting to be able to experimentally determine the laser beam diameter,
not only to check the previous calculations but also to assure that the beam is perfectly
collimated. The knife-edge method is among the most common ways to measure the diameter
of a Gaussian laser beam, in which the full beam power is recorded with a laser power meter
as a razor blade is translated through the beam mounted on a calibrated translation stage.
Moving the razor blade into the beam and noting the micrometer reading of the stage, the
curve on the left side of Figure 22 is obtained.
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Figure 22. The left side shows the power meter read as function of the translation of the blade
into the laser beam. The right side is the derivative of the plot on the left.

This first plot represents the integral of the Gaussian beam between -co and the position of
the blade, starting at the total beam power and decreasing to zero power. The width of the
beam can be calculated using the points of the measured curve at which the power output is
10% and 90% of the maximum value, X;, and Xy, respectively, being X4, the distance
between them. Then the 1/e* diameter, d, of the Gaussian beam can be calculated using the
following shorthand expression d = 1.56 Xj.q.

Table 8. Parameter calculation for the different collimators and lasers. The radius of the laser
beam, R, and the radius of the focus, Ry, depend on the numerical aperture of the optical
fiber, NA, the focal length of the collimator, f,,, the focal length of the objective (3 mm), and
the laser wavelength, A.

A /nm NA £y /mm Ry /mm Ry /am

405 0.065 30 1.95 0.20
(60FC-4-M30-13-DI)

405 0.065 624 0.41 0.95
(60FC-4-6,2-01-DI)

488 0.09 30 2.70 0.17
(60FC-4-M30-13-DI)

6.24
488 0.09 0.56 0.83

(60FC-4-6,2-01-DI)
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Figure 23. Gaussian beam cut by a razor blade that has advanced almost to its center.

Note that a correct calculation of the total transmitted light energy would involve a two-
dimensional integral. Although the integration in one dimension is straightforward, the other
is intractable and no analytic form is known. However we can calculate the derivative of this
curve (plotted on right side of Figure 22), which gives a good approximation to the Gaussian
beam profile, similar to Figure 23. Then we can determine the width from the 1/¢* points of

this curve where the intensity has dropped to 13.5% of the maximum value.

Table 9. Diameter determination collimator 60FC-4-M30-13-DI (#500695) at 405 nm.

X, /mm Xy /mm X090 /mm d /mm d* /mm

3.99 1.36 2.66 4.1 3.8

* from a Gaussian fit to the derivative plot.

As diameter of the beam generated at 405 nm with the collimator 60FC-4-M30-13-DI we
obtain d = 3.8 mm. This is in good agreement with the calculated value of 2 R, = 3.9 mm
(see Table 8).

5.2. Influence of the Photon Package Size for the Correlation.

LABVIEW software used to build the correlation curves requires splitting the photons from a
measurement in several packages. Then a filtering is applied to remove those packages with a
mean intensity signal statistically far from the average. Then each package is analyzed
separately and the final correlation curve is calculated as the average of the curves
corresponding to each package of photons. The smaller the packages the better the filtering,
this way also power drifts from the laser can be suppressed. However the time window
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corresponding to each package has to be long enough in order not to trunk the correlation
affecting the longer diffusion times.

Time per package /s

w0y ADC /kHz

10"

10* 10° 10° 10
Photons per package

Figure 24. Plot of the Time per package vs. Photons per package depending on the intensity
signal of the sample (ADC, photon counts per second). The Time per package value selected
must be at least 5000 times higher than the diffusion time to avoid influence on the diffusion
time.
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Figure 25. Series of FCS correlation curves obtained from the same measurement of 100 nm
fluorescent beads using different sizes of the photons packages to build the correlation curves
using LABVIEW software. For small package sizes the apparent diffusion time appears severely
shifted to smaller correlation times.
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The input parameter which determines the size of these packages is the so-called photons per
package, which, using the average intensity signal, can be converted to the temporal length of
the package (Time per package).

Using the photons collected for a measurement of 100 nm fluorescent beads and performing
analysis for different package sizes it can be observed that for small package sizes the
apparent diffusion time appears severely shifted to smaller correlation times (see Figure 25).

The Plot in Figure 24 can be used to select the appropriate value for the Photons per package
parameter depending on the recorded fluorescence intensity of the sample (ADC, photon
counts per second), as shown in Figure 25. In our experience the Time per package value
must be at least 5000 times higher than the diffusion time in order to avoid a detectable

distortion of the correlated correlation curve.
5.3. Influence of Cover-Slide Thickness.

The optical properties of the high aperture microscope objective used in the FCS setup
depend sensitively on the thickness of the air and glass media positioned between its front
lens and the object. The geometry of the focus is significantly affected by the thickness of the
cover glass. The effect of the cover glass thickness on the diffusion time has already been
reported in detail (Enderlein et al. 2005). In order to assure a constant geometry of the focus,
the microscope objective has to be adjusted to the specific thickness value of the cover-slide
through the adjustment ring or correction collar of the objective.

In Figure 26, we can see how the measured diffusion time of Rhodamine 123 increases when
the correction collar position deviates from the actual thickness of the cover-slide.

220+
210+

200 -
zoom:

100-300 ps 190

rD/uS

180

170+

160

= 3
150

0.1 1 10 100 1000 10000 0.13 0.14 0.15 0.16 017 0.18
t/us Correction Collar Position

Figure 26. Left plot: FCS correlation curves for the same sample of R123 measured using
different positions of the correction collar. Right plot: Apparent diffusion time, 7,, against the
position of the correction collar. The diffusion time increases when the correction collar position
deviates from the actual thickness of the surface.
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We have found an important deviation in thickness among the different batches of cover
slides we used, so it became necessary to measure the thickness at every measurement. Even
a single cover-slide presents a significant variation in thickness along the surface, making it
necessary to measure the thickness right on the spot where the drop is placed. The direct
measurement with a micrometer caliper would contaminate the glass surface. Using the scale
on the fine focus wheel of the microscope, we therefore determine the thickness optically from
the distance between the two reflections of the focus at both glass-water interfaces. This is
sufficiently precise to adjust the collar or at least to reject cover slips with strong deviations
from a mean value.

Given the strong influence of the cover-slide thickness on the diffusion times, its variability
and the inconvenience of adjusting the correction collar for each measurement, in the final
stage of this thesis we decided to change from cover-slips to well plates which allow one to
prepare the different samples of a titration in the same well avoiding the deviations due to
the cover slide thickness. In addition, the use of larger sample volumes and the possibility of
covering the well with a cap allow one to measure the same sample for long periods of time
without the evaporation problems that occur with the drop on a cover slide.

5.4. Calibration of the Confocal Volume.

The determination of absolute diffusion coefficients from the diffusion times obtained in FCS
requires knowing the exact value of the focus size. In conventional FCS, a calibration is
needed to determine the focus size using the diffusion time of a substance with well known
diffusion coefficient.

2
wX
D=2

48
T, (48)
A new calibration is necessary each time the conditions that affect the confocal volume
change (temperature, excitation power, wavelength, coverslide thickness, solvent, etc.).

The reference value used in this thesis was that of D(Rh6G) = (4.14 £ 0.05) 10" m?*s™
for the Rhodamine 6G (Rh6G) determined at 25°C using dual focus FCS (2fFCS) (Muller et
al. 2008) which allows one to obtain absolute values. With this value for the Rh6G we can
determine the diffusion coefficients for other rhodamines using the ratios among the different
values given by Gendron et al. (2008) which includes Rhodamine 6G, Rhodamine B (RhB),
Rhodamine 110 and Rhodamine 123 (Rh123). Rh123 and RhB are the substances that we use
for calibration at 480 nm and 405 nm, respectively.
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Table 10. Values of the diffusion coefficients determined by Gendron et al. (2008) at 22.5°C.

Dye D /10" m%! D/Dyoc
Rh6G 4+0.3 1
RhB 424+03 1.05
R123 44 +0.3 1.1
R110 43+03 1.075

The conversion of these diffusion coefficients at 25°C to other temperatures can be easily
done by taking into account the dependence of the diffusion coefficients with the temperature
and viscosity of the solvent (Kapusta 2010):

bh_Thim
D, T;n;

(49)
5.5. Key Points in FCS Measurements.
5.5.1. Important characteristics of the dye.

The selection of a proper dye is crucial for satisfactory FCS experiments. The most relevant
characteristics of the fluorophore are the following:

Absorption and emission spectra: It is necessary to know them beforehand to select the laser

and filters to be used in the experiment.

Diffusion coefficient: It is directly related to the size of the dye molecule. It is determined

measuring its diffusion time, once the size of the focus is known. Some host-guest
complexations are studied just through the change in diffusion time of the dye. In these cases,
the smaller the dye the bigger the contrast and therefore the resolution of the technique.

CPM ws. Irradiance curve: The recorded fluorescence intensity per dye molecule, cpm (counts

per molecule), shows an initial linear dependency with the irradiance. The linearity
disappears at high values of the irradiance due to optical saturation and photobleaching
artifacts. The measurements must be performed always at an irradiance below the saturation
threshold, within the linear region.

The two important parameters of the cpm wvs. irradiance curve are the slope of the linear
section and the irradiance value at which the saturation starts. The slope depends on the
photophysical properties of the fluorophore, and it will change when its emission does (for
example upon complexations involving change in brightness). The level of irradiance for
saturation depends not only on the photophysical properties of the fluorophore but also on its
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exposure time to the irradiation, given by the diffusion time. The diffusion time depends on
the focus size. However, it will also change when the dye undergoes complexation, that is why
this threshold must be determined for both free and bound dye and at the same focus size
that will be used in the titration.

The cpm can be easily calculated for the cases with only one fluorescent species in the sample
through the ratio I*/N, where I* is the intensity signal after subtracting the solvent
contribution and N is the number of fluorescent molecules, obtained from correlation curve
fits.

As with the other single-molecule spectroscopy techniques, in general FCS requires bright
dyes (high slope in the linear section) which can be highly irradiated without undergoing
optical saturation.

Triplet state contribution: An excited state fluorophore that relaxes to the triplet excited

state becomes virtually dark, since it cannot generate fluorescence photons during the time it
spends in this state. At high enough irradiance levels, intersystem crossing to the triplet state
reduces the fluorescence yield causing the loss of linearity in the cpm vs. irradiance curve
(optical saturation). Even in the linear section of the curve, the fraction of molecules
undergoing relaxation through the triplet state pathway will affect the correlation curve. This
so-called triplet contribution is taken into account as an additional term in the correlation
function. However, in cases in which the triplet state relaxation time (usually a few
microseconds) overlaps with the dynamics of interest in the system, it is desirable to perform
the measurement at irradiances low enough to avoid considering the triplet contribution.

5.5.2. Parameters to optimize.
Focus size.

The diameter, w,,, of the detection volume depends on the diameter of the laser beam before

Xy

entering the objective, which in turn is determined by the collimator (see section 0).
In general, a small focus has more advantages, e.g.:

- It increases the signal to background ratio (dye molecules vs. solvent). Also, by reducing
the focus size the amplitude of the correlation curve can be increased without affecting
the signal/background ratio.

- It reduces the diffusion times, so that the saturation level is displaced to higher

irradiances.
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However, in some cases it can be interesting to use a bigger focus size to keep the correlation
function valid. For example, in order to increase the diffusion times so the diffusion term can
be separated from other processes such as reaction dynamics. The focus size is also critical
when the molecules under study are too big in relation to the focus size, since the fit model
considers point-like particles.

The detection volume diameter, w,,, is usually determined by a calibration measurement with

Xy’

a solution of a fluorophore with known diffusion coefficient using the following expression
= w,,’/(4D) (only valid when working at an irradiance below the saturation level).

Dye concentration.

The signal/background ratio increases with the dye concentration (the background refers to
the signal from the solvent, without fluorophore). However, a high number of molecules in the
focus reduces the amplitude of the signal fluctuations and consequently the amplitude of the
correlation curve is also reduced.

Optimum: a focus size small enough to get a high S/B ratio (S/B > 100), with a number of
molecules in the focus as low as possible (N < 15).

Irradiance.

Irradiance is the power per unit of area in the focus. At high irradiance the measurement
time is reduced, which has several positive effects on the quality of the measurement: lower
probability of artifacts, less sample evaporation problems, reduces the problem with the
power drift in the laser, etc. However, the irradiance has an upper limit to avoid certain
phenomena such as optical saturation or the increase in the triplet contribution.

Irradiance is determined using the power and the focus size. The power in the sample is
calculated using a previously determined ratio between the power measured at the exit of the
optical fiber and at the focal distance of the objective. For the same focus size, power and
irradiance are proportional.

Number of photons.

The bigger the number of collected photons the better, since it will reduce the noise in the
correlation curve. The only limitation is the duration of the measurement, because too long
measurements (> 40 min) will increase the probability of artifacts, sample evaporation
problems, power drift in the laser, etc.
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5.5.3. Summary: steps to follow to first measure a host-guest system in FCS.
- Select laser and adequate filters, adjust collimator and dichroic to the laser wavelength.

- Determine the main characteristics of the new system (diffusion coefficients, cpm vs.
irradiance curve, triplet contribution, etc.) for both free and bound dye (this is crucial in
cases in which the brightness of the dye changes upon complexation).

- Change the focus size if necessary and possible, and determine the optimum
concentration. Recalculate the cpm vs. irradiance curve if the focus size was changed.

- Select the irradiance level (the highest before the appearance of saturation or
photobleaching), and according to the intensity of the signal design the experiment
(number of samples, number of photons collected, etc).

5.6. Precise Titrations with Very Small Sample Volumes.

Titrations with limited sample amounts (for example when working with some biomolecules,
such as DNA, or molecules from complex and costly synthesis) make it necessary to plan
efficiently the preparation of the different samples to save as much substance as possible.

In such situations a dilution-extraction method was used to prepare the different samples for
the FCS titrations at variable host concentration.

This procedure allows not only carrying out titrations using a minimal amount of host but
also performing the measurements in the same well, which avoids problems due to variations
in the cover glass thickness.

Three different stock solutions must be available: two solutions of dye (or labeled guest) in
buffer and the solution of host.

- dye stock: solution of the dye or labeled guest in buffer at the desired concentration for
the titration. It can be prepared by a ten-fold dilution of the dye stock 10x.

- dye stock 10x: solution of the dye or labeled guest in buffer, 10-fold more concentrated
than the dye stock.

- host stock: solution of the host in buffer, with a volume that allows at least the load of a

well.
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+ 100 pL +90 uL +10 puL -30 pL +30 uL

>

additional
samples

sample 0 sample 1

([H]=0) ( Hlmax) (0 < [H] < [H]mex)

Figure 27. Scheme of the procedure used for sample preparation in titrations using minimal
sample amounts. Eppendorf tubes represent the three stock solutions used to prepare all the
different samples. Arrows represent the addition or removal of volumes in the well. In this
example: Vi, = 100 uL and V;= 30 uL.

The samples will then be prepared from these stock solutions as follows (see Figure 27):

Sample 1 (maximum host concentration) is prepared by mixing in the same well nine parts
of host stock with one part of dye stock 10x. As a function of the necessary volume to load a

well, Vi, the required volumes are 0.9 V4 and 0.1 V4, respectively.

Additional samples are prepared in the same well by first removing a certain volume, V,
of the previous sample in the well and then adding the same volume of dye stock. This way,
the dye concentration remains constant and the concentration of host, [H|, in each sample is
calculated from the previous one as follows:

[H]; = [H]i-1(1 = Vi/Vioaq) (50)

Sample 0, at zero concentration of host, can be measured previously in the same well of the

titration by measuring an aliquot of dye stock.

The stock of host must be measured beforehand in a different well to check the contribution
of the possible fluorescent impurities. This solution can be used afterwards to prepare

sample 1.

In order to keep the sample volume constant, especially if long measurement times are
needed, it is important to avoid evaporation by covering the well with a cap.
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Host-Guest Interactions studied by Fluorescence Techniques.

This chapter presents three publications to which the doctoral candidate has contributed.
Through these three works the factors that control the structure and the stability of
supramolecular host-guest assemblies are discussed together with the potential of
Fluorescence Correlation Spectroscopy to obtain dynamic information of these interactions,
which is essential for a full understanding of the mechanisms involved in this type of systems.

The first contribution Host-Assisted Guest Self-Assembly: Enhancement of the Dimerization
of Pyronines Y and B by y-Cyclodextrin (Bordello et al. 2009) represents the initial stage in
the candidates thesis, in which UV/Vis absorption and fluorescence spectroscopy combined
with advanced data analysis were used to study the role of small variations in the structural
properties of host and guest molecules on the stoichiometry and strength of supramolecular
associations. Previous studies in the research group using B-cyclodextrin as host and
pyronines B or Y as guest showed that the stability and dynamics of the association between
host and guest are both highly dependent on the substituents of the guest (Al-Soufi et al.
2005; Reija et al. 2005).

In this work the association between these two pyronines and a cyclodextrin with a bigger
cavity (y-cyclodextrin) was studied. The absorption spectra of the pyronines show complex
variations with cyclodextrin concentration indicating that pyronine dimerization is strongly
enhanced inside the cavity of the cyclodextrin. A full model was proposed and the equilibrium
constants of the involved processes and the absorption and emission spectra of the different
species (free dye, dye dimers, 1:1 and 2:1 complexes) were determined, showing that the
equilibrium constant of the formation of complexed dimers are much higher than those for
free dimerization or for the inclusion of a single guest. The role of the y-cyclodextrin can be
illustrated as a belt which assists the self-assembly of the pyronines. The differences in the
stability of pyronine B and pyronine Y dimers were explained on the basis of their structure
and geometry. Applying exciton theory, important structural differences between the two
pyronines can be established regarding self-assembly, attributed to steric hindrance between
the ethyl substituents in PB which would not allow parallel dimerization.

The dynamics of this system was studied by FCS in our research group, showing that the
increase of the cavity size leads to an increase of the association rate constant and a decrease
of the dissociation rate constant (Al-Soufi et al. 2008).

Standard fluorescence spectroscopic methods, although widely used due to their sensitivity,
have an important limitation for the study of host-guest complexation: the requirement of a
variation in a spectroscopic property of a fluorescent species due to the complexation. In
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cases in which host and guest are nonfluorescent, FCS represents an excellent alternative for
the determination of the stoichiometry and the association equilibrium constant in this type
of systems. With a careful selection of the experimental conditions, FCS is a fast and
relatively straightforward technique that needs only minimal amounts of host and guest. The
equilibrium constant is determined by analyzing the variation in the diffusion coefficient of
one of the species upon complexation, being the only requirement that the guest or host can
be fluorescently labelled and that the complexation increases sufficiently the molar mass of
the fluorescent species. Following this strategy, the complexation of a labelled adamantane
and B-cyclodextrin was studied, determining a very high value of the association equilibrium
constant which agrees well with that given in the literature for the inclusion of similar
adamantane derivatives into BCD, studied with different techniques. This work is described
in the second paper: Host-guest Complexation studied by Fluorescence Correlation
Spectroscopy: Adamantane-Cyclodextrin Inclusion (Granadero et al. 2010).

As it was pointed out before, FCS gives also access to the association/dissociation rate
constants of the host-guest inclusion providing that the fluorescence intensity of the
fluorescent probe changes upon complexation. The potential and the limitations of FCS to
study host-guest association and exchange dynamics are discussed in a third contribution,
Host-Guest Association studied by Fluorescence Correlation Spectroscopy (Novo et al. 2011),
in which the application of FCS to the study of host-guest inclusion complexes is reviewed.
Also the influence of the host-guest geometry on the dynamics is analyzed through the
comparison between two different types of host: cyclodextrins and micelles. The results show
that cyclodextrin cavities act as “hard” cages which put geometric and orientational
restrictions on the inclusion of a hydrophobic guest, whereas micelles behave as “soft” cages
without geometrical requirements.
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Host-Assisted Guest Self-Assembly: Enhancement of the
Dimerization of Pyronines Y and B by y-Cyclodextrin

Jorge Bordello, Belén Reija, Wajih Al-Soufi and Mercedes Novo

ChemPhysChem (2009), 10(6), 931-939.

Abstract: The role of small variations in the structural properties of host and guest
molecules on stoichiometry and strength of supramolecular association is analyzed. In
previous works we found that a change in substituents from pyronine B to pyronine Y has a
dramatic effect on both the stability and the dynamics of the association of these guests with
P-cyclodextrin as host. Now we study the association between these two pyronines and a
cyclodextrin  with a bigger cavity (y-cyclodextrin) using UV-Visible absorption and
fluorescence spectroscopies. The absorption spectra of the pyronines show complex variations
with cyclodextrin concentration indicating that pyronine dimerization is strongly enhanced
inside the cavity of the cyclodextrin. A full model is proposed and the equilibrium constants of
the involved processes and the absorption and emission spectra of the different species are
estimated. The equilibrium constants of the formation of complexed dimers are much higher
than those for free dimerization or for the inclusion of a single guest. The y—cyclodextrin host
assists like a belt the gquest self-assembly. The differences in the stability of pyronine B and
pyronine Y dimers are explained on the basis of their structure and geometry.

1. Introduction.

The knowledge about the structural factors controlling non-covalent host-guest interactions is
fundamental for the understanding of molecular recognition phenomena in biological systems,
and it is also of great importance for the design of functional supramolecular systems with a
wide range of applications. Structure and stability of supramolecular host-guest assemblies
depend sensitively on the properties of host and guest molecules. Analysis of the dynamics of
supramolecular association by fluorescence correlation spectroscopy (FCS) has shown the
important interplay between geometrical requirements and specific interactions between host
and guest."? The overall stability of the assembly depends on the balance between the
geometric and orientational requirements limiting the association rate constant and the
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strength of specific interactions controlling the dissociation process. Subtle changes in the
geometry or electronic structure of host or guest can have a big influence on this balance and
may lead to strong changes in the stability or even on the type of the supramolecular species
formed.

Cyclodextrin inclusion complexes are simple and useful models for the study of this kind of
intermolecular  host-guest interactions. Cyclodextrins (CDs) are toroidally shaped
polysaccharides with a highly hydrophobic central cavity which allows them to form inclusion
complexes with many organic substrates.

In previous works we studied the host-guest interactions between the pyronines Y (PY) and
B (PB) and B-cyclodextrin (BCD).'¥ It was found that these two xanthene dyes (Figure 1)
form inclusion complexes of stoichiometry 1:1 with BCD. The values of the corresponding
stability constants show that the complex PB:BCD is about five times more stable than the
complex PY:BCD. Specific interactions between the xanthene moiety and the electron-rich
oxygens of the cyclodextrin cavity were suggested to be responsible for the stability of the
complexes, as well as for their different photophysical properties with respect to free
pyronines in aqueous solution. Dynamic studies performed by FCS yielded the individual rate
constants of the association and dissociation processes.! The association rate constants of the
two pyronines with BCD were found to be very similar but much lower than that of a
diffusion-controlled collision process, which was attributed to geometrical and orientational
requirements during the inclusion. The dissociation rate constant of the complex PB:BCD
was, however, significantly smaller than that of PY:BCD. These results confirmed that the
different stability of the two complexes is due to the specific host-guest interactions
controlling the dissociation rate and not to the guest geometry itself.

In order to understand more deeply the factors controlling the stability of cyclodextrin
complexes, further studies were performed with the same pyronines and a cyclodextrin of
wider cavity, the y-cyclodextrin (yCD). yCD is built up from 8 glucopyranose units instead of
the 7 units of BCD so that the diameter of its inner cavity is increased in about 20% with
respect to BCD (see Figure 1). FCS studies yielded values of the association rate constants
of the pyronines with yCD significantly larger than with BCD, as expected due to the lower
geometrical restrictions imposed by the bigger cavity during inclusion of the guest.?
Nevertheless, the dissociation rate constants increase even more due to weaker specific
interactions between guest and host in the bigger cavity of yCD, so that the overall stability
of the pyronine:yCD complexes is much lower than that of the pyronine:CD complexes.

Apart from those differences in the association dynamics, the increase of the cavity size from
BCD to yCD leads to further interesting changes in the complexation behavior of the
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pyronines which are analyzed in this contribution. The association equilibriums between the
pyronines and yCD are studied by means of absorption and fluorescence spectroscopies in
order to determine the stoichiometries of the complexes formed, to obtain their corresponding
stability constants and to characterize their structures on the basis of their photophysical

properties.

The formation of inclusion complexes between pyronines PB and PY and the three natural
cyclodextrins was studied earlier by Schiller et al. using equilibrium and temperature-jump
visible spectrophotometries.”™ Nevertheless, the experimental conditions used (low CD
concentrations and presence of 1.0 mol dm™® NaCl in the aqueous solutions) and the strong
approximations applied in the data analysis make their results unreliable. It is known that
high ionic strengths have a great influence on the dye aggregation processes, which are
important in the systems under study."

BCD

CHgCHz CHZCH3

CH3

Figure 1. Structures and cavity sizes of BCD and yCD and structures of pyronines Y and B.
2. Results.

Series of absorption spectra (about 15 spectra in each series) of each pyronine in the presence
of different concentrations of yCD were measured. Figure 2 shows some of the spectra for
each series. As the concentration of yCD is increased, a decrease of the apparent molar
absorptivity at the pyronine absorption maximum is first observed together with an increase
of the absorptivity at the shoulder (see insets in Figure 2). At higher yCD concentrations the
molar absorptivity at the shoulder decreases again and, in the case of PB, also an increase of
molar absorptivity is observed at the pyronine absorption maximum. There are no clear
isosbestic points for the whole range of yCD concentrations.

The possible aggregation of PY and PB in aqueous solution was studied by measuring series
of absorption spectra of solutions with increasing pyronine concentrations (20 to 30 spectra in
each series). Those absorption spectra are represented in Figure 3 in terms of the apparent
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molar absorptivity, which allows to appreciate better the spectral changes as the

concentration of pyronine is increased.

A systematic decrease of the apparent molar absorptivity at the pyronine absorption maxima
with increasing pyronine concentrations is observed, together with an increase of the
absorption at the shoulder in the case of PY. Clear isosbestic points are observed for both
pyronines. In accordance, the plots of absorbance versus pyronine concentration show clear
deviations from linearity at concentrations higher than 2 10° mol dm™. Stray light effects
were ruled out since the experimental conditions were chosen to be within the linear range of
the spectrophotometer, but a small contribution of the pyronine fluorescence emission was
detected at the highest concentrations in the wavelength range where absorption and
emission spectra overlap.

10
e 515nm
- o s45nm 8 PY
'‘c 8l feee o o o od6”
©
5 ° )
£ 6 s
» 20 40
£ [-CD]/ 10° M
S 4}
o
~ 2
oF
0
_ e 532nm PB
§S sl o 555nm 5"
5] ®eee 6 =
- e .00 =
© % 00000° <
E 6 n 000 J
e 0 20 40
Z 4} [;-CD]/10° M
o
=
Z
22}k
< \

0 1 1 1 1 1 1 .
440 460 480 500 520 540 560 580 600 620

Alnm

Figure 2. Absorption spectra of PY and PB in aqueous solution in the presence of different
concentrations of yCD (0 to 0.050 mol dm™) at fixed pyronine concentrations (3.6 10° mol dm™
for PY and 6.6 10° mol dm™® for PB). Insets: Plots of the apparent molar absorptivity (in
dm’ mol” cm™) at two selected wavelengths versus yCD concentration.

Series of emission spectra of the two pyronines in the presence of different concentrations of
yCD were measured (Figure 4). In both cases a decrease of the fluorescence intensity is
observed as the concentration of yCD is increased, together with a slight shift of the emission
spectrum to higher wavelengths. The plots of the fluorescence intensity versus yCD
concentration (insets in Figure 4) show that the decrease is steeper for PB than for PY.

Also time-resolved fluorescence measurements were performed for solutions of the pyronines
with different concentrations of yCD. Table 1 gives the fluorescence lifetimes and amplitudes
obtained in the fits of a multiexponential model to the fluorescence decays. In the absence of
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yCD and at low concentrations the decays are monoexponential for PY and biexponential for
PB, although in the latter the second lifetime has a minor contribution that is independent of
yCD concentration. At a yCD concentration of 0.050 mol dm™ and larger, a shorter lifetime is
detected whose amplitude seems to increase slightly with the concentration of yCD. Since all
the lifetimes are short for the time resolution of the instrument used, it was necessary to fix
one of the lifetime values in some of the fits to avoid parameter correlation. This might have
some effect on the amplitude values, which are highly dependent on slight changes of the
lifetime values.
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Figure 3. Absorption spectra of PY and PB in aqueous solution as a function of pyronine
concentration, varying from 8 10° to 1.1 10" mol dm® for PY and from 3 10° to
1.0 10 mol dm™ for PB.

10 20
[¥CD]/10°M

Fluor. intensity (a.u.)

\ 10 20
N\ [/CD]/10°M

Fluor. intensity (a.u.)

560 580 600 620 640
Al nm

Figure 4. Corrected emission spectra of PY and PB in aqueous solution in the presence of
different  concentrations of yCD (0 to 0.027 mol dm®) at fixed pyronine concentration
(2.0 107 mol dm™ for PY and PB). Insets: Plots of fluorescence intensity at 565 nm vs. [yCD].
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Table 1. Fluorescence lifetimes, amplitudes and chi square values obtained in the individual
fits of a multiexponentional model to the fluorescence decays of PY and PB in the presence of
different concentrations of yCD (pyronine concentration = 1.0 10° mol dm™®). The sum of the
amplitudes (A;) has been normalized to 100 to facilitate comparison.

[yCD] 7, /us 7, /ns 7, /ns 2
/mol dm” (4,) (A2) (45)
PY + yCD
0 1.687 £+ 0.004 110
(100) '
0.00025 1.689 £ 0.004 Lol
' (100) '
0.0015 1.689 =+ 0.004 116
’ (100) '
0.0050 1.2 4+0.2 1.81 £ 0.06 1.09
' (30) (70) |
1.09 + 0.05 1.8 (fixed)
0.0100 1.07
(30) (70)
0.0300 1.07 £ 0.05 1.8 (fixed) 113
(30) (70)
1.1 +0. . .
0.0500 0.1 1.85 £ 0.04 113
(36) (64)
PB + yCD
1.07 £ 0.02 23+£04
0 07 +£ 0.0 3£0 1.08
(97) 3)
1.08 £ 0.02 26 £0.
0.00025 08 = 0.0 6+00 1.11
(97) 3)
000075 1.049 + 0.006 2.5 (fixed) L1
(97) 3)
1.03 £ 0.02 21+04
0.0015 03 =00 0 1.18
(97) 3)
00050 0.75 + 0.09 1.2 (fixed) 441 o1
(30) (67) (1)
79 £ 0. 1.2 (fixed 2+0.
0.0100 0.79 £+ 0.08 (fixed) 3 0.7 0.98
(44) (53) 3)
0.0300 0.76 £ 0.08 1.2 (fixed) 3.0£0.5 104
(44) (53) 3)
0.0500 0.55 & 0.08 1.2 (fixed) 29403 L1
(30) (68) 3)
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3. Discussion.
3.1. Stoichiometry and Model Determination.

The variations of the absorption spectra of PY and PB in the presence of different
concentrations of yCD (Figure 2) cannot be explained by a simple 1:1 association as in the
case of BCD.P) The lack of clear isosbestic points and the nonmonotonic dependence of the
apparent molar absorptivity with the yCD concentration (see insets in Figure 2) show that
there must be more than two absorbing species in equilibrium. Moreover, analysis of the
series of absorption spectra with PCA yield for both pyronines 3 to 4 structural components
contributing to the experimental spectra (see Figures 1S and 2S in the Supporting
Information). Therefore, formation of complexes of higher stoichiometries must be considered.
Taking into account the tendency of xanthene dyes to aggregate in aqueous solutions® and
the bigger cavity of yCD compared to BCD, pyronine dimers and/or inclusion complexes of
the dimers (2:1 pyronine:CD complexes) are possible species contributing to the observed
absorption spectra. As mentioned above, formation of 2:1 and even 2:2 complexes of these
pyronines with yCD has been reported in the literature, but formation of pyronine dimers was
not taken into account.”™ However, the experimental conditions used in those works were
very different to ours and the models proposed were not satisfactorily justified.

In order to investigate the dimerization of the pyronines in aqueous solution, absorption
measurements were performed with varying pyronine concentrations in absence of yCD
(Figure 3). Experimental absorption spectra show systematic variations of the apparent molar
absorptivity with clear isosbestic points as the concentration of pyronine is increased,
suggesting formation of dimers. This is confirmed by the results of the PCA analysis of these
series of absorption spectra up to pyronine concentrations of (6 - 8) 10? mol dm™, that yield
two structural components which are attributed to pyronine monomers and dimers (see
Figures 3S and 4S in the Supporting Information). It must be noted that, if the spectra of the
solutions with even higher pyronine concentrations are included in the PCA analysis, a third
component is observed due to the contribution of fluorescence emission at long wavelengths
as mentioned before.

Taking into account all these experimental findings, a general mechanism is proposed for the
association of the pyronines with yCD, where 1:1 and 2:1 pyronine: yCD inclusion complexes
are included (P:yCD and P2: yCD in Scheme 1, respectively). Formation of the 2:1 complexes
can take place by association of a second pyronine molecule with a 1:1 complex as well as by
inclusion of a pyronine dimer (P2) into the yCD cavity. Thus, the proposed mechanism is
cyclic with four species present in equilibrium. If the concentration of pyronine is too low to
yield dimers, the 2:1 complexes can anyhow be formed from the 1:1 complexes.
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K
P + P D P,
+ +
yCD yCD
Kq Kz
Ke
PyCD + P P,:yCD

Scheme 1. Mechanism proposed to explain the association of PY and PB with yCD in aqueous
solution including four absorbing species: pyronine monomer (P), pyronine dimer (P,), 1:1
complex (P:yCD) and 2:1 complex (P,:;yCD). These species are interconnected through four
equilibria characterized by their corresponding equilibrium constants K, K,, K, and K.

The equilibrium constants in Scheme 1 are functions of the equilibrium concentrations of the

different species as given by equations (1-4):

K, = % M
Ko = [B])El])] 9
KS = DE‘]’[P—% (4)

From the definitions of the equilibrium constants it is easily deduced that only three of them

are independent, being the fourth a combination of the others:

KpK.
c _ ©D~2
K =% (5)

The mechanism proposed in Scheme 1 must also be in agreement with the results of
fluorescence measurements. The series of emission spectra with varying yCD concentration
(Figure 4) are very similar to those obtained with BCD, where only free pyronine and 1:1
complex were observed.’ As in that case, analysis with PCA yields only two structural
components contributing to the experimental emission spectra (see Figures 5S and 6S in the
Supporting Information). This seems to be in disagreement with the proposed mechanism
but, taking into account that the pyronine concentration used in fluorescence measurements
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is much lower than in absorption measurements, the equilibrium concentrations of pyronine
dimers should be negligible and also insignificant concentrations of 2:1 complex are expected
to be present. Moreover, the dimers of xanthene dyes are typically non fluorescent® so that
even if some small amounts of those species were present, they would not be detected in
fluorescence measurements. Therefore, the emission spectra of the pyronines with varying
yCD concentration are considered to be contributed by only two fluorescence species in
equilibrium, free pyronine P and 1:1 complex P:yCD.

The results of time-resolved fluorescence measurements are in perfect agreement with the
above interpretation. Single fluorescence lifetimes corresponding to those of the free pyronines
are obtained in the absence of yCD and at low concentrations of yCD, whereas second shorter
lifetimes are observed at higher yCD concentrations. As in the case of BCD, the shorter
lifetimes are attributed to the 1:1 complexes of the pyronines with yCD.P The equilibrium
concentrations of these complexes increase with yCD concentration and therefore the
amplitudes corresponding to those lifetimes increase whereas the amplitudes of the pyronine
lifetimes decrease. In the case of PB, the third residual lifetime is attributed to a hydrolysis
product of this pyronine, which was also observed in the measurements with BCD.

3.2. Quantitative Analysis.

Now a quantitative analysis of the experimental data must be performed in order to check
the validity of the proposed mechanism and to determine the spectra of the different species
present and the equilibrium constants involved. However, resolving such a complex
mechanism makes it necessary to follow a systematic analysis procedure. In a first step, the
dimerization of the pyronines in the absence of yCD is analyzed in order to determine the
corresponding equilibrium constants K, and the absorption spectra of the dimers. The second
step is the analysis of the series of emission spectra to obtain information about the 1:1
complexation process, specially the association equilibrium constants K;. Using all this
information, the series of absorption spectra of the pyronines with different concentrations of
yCD are analyzed on the basis of the complete mechanism to obtain the equilibrium constants
K, and the absorption spectra of the 1:1 and 2:1 complexes.

In the absence of yCD only the dimerization process in Scheme 1 must be considered, as
shown in Scheme 2.

Kp

P + P P,

Scheme 2. Dimerization of PY and PB in absence of yCD.
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Taking into account the definition of K, (equation 3), the equilibrium concentrations of the

pyronine monomers and dimers are related to the total pyronine concentration [P], as follows:

_ —1+/1+8Kp[P],

[P] e (©)
= +1—\/18; BKo [Pl -
D

and the apparent molar absorptivity at a wavelength A is the sum of contributions of these

two species:

P P
8app(}\) =¢ep(D) u + €p, V) %

Pl (8)

where £,(1) denotes the molar absorptivity of species X at A.

Table 2. Values of the equilibrium constants defined in Scheme 1 for PY and PB with yCD.
The values of K}, and K, were obtained in the fits of absorption data and those of K in the fits
of emission data, except for the value given in parenthesis which results from the analysis of
absorption data (see text). The values of K, were calculated using equation 5.

PY + yCD PB + yCD
K, / 10° mol™* dm?® 3.0+ 0.5 5.0+ 0.8
0.04 £ 0.01
K, / 10° mol" dm* 0.19 £ 0.04
(=0.07)
K, / 10° mol" dm® 26 + 4 83+ 0.5
K¢ /10° mol” dm” (20 £0.7) 10° (2.2 +0.6) 10?

Equation 8 can now be used as fit function in the global analysis of the series of absorption
spectra with varying pyronine concentrations (Figure 3). Nevertheless, for these fits to be
correct, the distorting effect of fluorescence emission on the absorption spectra detected at
high pyronine concentrations and long wavelengths should be eliminated. This implies that
either the concentration range or the wavelength range must be limited for the analysis. For
the determination of the dimerization equilibrium constants, the whole concentration range
should be used in order to increase the contribution of the dimer to absorption. Therefore, fits
of equation 8 were performed using the whole concentration dataset but only the short
wavelengths range (440-525 nm for PY and 440-540 nm for PB). In these fits, the values of
K}, listed in Table 2 were obtained. The order of magnitude of these values is typical for
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xanthene dyes,® but they are somewhat higher than those reported for these pyronines in
aqueous solution.”’ Afterwards the complete absorption spectra of the pyronines monomer
and dimer were determined in further fits using the whole wavelength range but a limited
concentration range (up to 5-6 10° mol dm™) and fixing Kp, to the value obtained before
(Figure 5). The spectra of the monomers coincide perfectly with the experimental absorption
spectra of PY and PB at the lowest concentrations, validating the analysis procedure. The
spectra of the dimers are slightly dependent on the concentration range and/or the value of
K}, used. However, absorption maximum and band splitting are not significantly affected (see
Figure 7S in the Supporting Information). These spectra coincide very well with those
published before ! except for the absolute values of the molar absorptivities reported for
the dimers which are a half of the true values due to an error in the dimer concentrations
that these authors used.
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Figure 5. Absorption spectra of the different species present in equilibrium in aqueous
solutions of the pyronines PY and PB in the presence of yCD: free pyronine monomer P (solid
line), pyronine dimer P, (dotted line), P:yCD complex (dashed line) and P,;yCD complex
(dashed-dotted line).

The next step is the analysis of the series of emission spectra. Also in this case the
mechanism in Scheme 1 can be simplified, since the only fluorescent species present are the
free pyronines and their 1:1 complexes linked by the equilibrium given in Scheme 3:

P + yCD P:yCD

Scheme 3. Equilibrium of 1:1 association between pyronines PY and PB and yCD.

Under the assumptions that no interconversion processes take place in the excited state (since
the association and dissociation rates cannot compete with the deactivation rates of the
excited species™) and that the cyclodextrin equilibrium concentration coincides with its
initial concentration (excess of YCD compared to pyronine), the following equation is obtained
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for the dependence of the fluorescence intensity at a certain wavelength, F(A1), with yCD
concentration:

Fp(A) + Fp.ycp(D) K [YCD],

F = 1+ K, [yCD], ®)

where Fp(4) and Fpyop(4) are the fluorescence intensities at wavelength 4 when all the
pyronine were free and complexed, respectively.

Using equation 9 as fit function, global analysis was performed for the series of emission
spectra of the two pyronines with yCD. The fits were very satisfactory and gave the values of
the 1:1 association equilibrium constants K, listed in Table 2 and the emission spectra of
species P and P:yCD (Figure 6). The uncertainties in the K, values reflect the differences
found among several series of data. The spectra of the free pyronines obtained from our fits
coincide with those measured experimentally in the absence of cyclodextrin, validating again
the proposed model. The emission spectra calculated for the complexes P: yCD are similar to
those of the complexes P:BCD,? as shown in Figure 6. The good fits and the satisfactory
spectra of the species involved confirm that there is no contribution of the pyronine
aggregates to the emission, as it was also observed for the aggregates of these pyronines in
colloidal solutions."!
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Figure 6. Absorption and emission spectra of PY and PB as free monomers in aqueous solution
(solid lines) and forming 1:1 complexes with BCDF! (dotted lines) and with yCD (dashed lines).
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The results of time-resolved fluorescence measurements (Table 1) are in agreement with the
analysis above. For each pyronine two lifetimes are observed whose values do not vary with
the concentration of yCD, indicating that the association process in the excited-state does not
compete with the deactivation process. The shorter lifetime, which was attributed to the
complex P:yCD, is not observed at the lowest yCD concentrations, since the equilibrium
constants K, are relatively low (Table 2) and therefore the concentration of complex is small
at those concentrations. Moreover, it must be noted that both the lifetimes of the free
pyronines and those of their complexes are short for the time resolution of our system so that
it is difficult to obtain accurate values of these lifetimes. This problem also affects the
preexponential factors, which approximately show the expected tendencies (the amplitude of
the free-pyronine lifetime decreases with the concentration of yCD and that corresponding to
the complex increases) but are too inaccurate to be quantitatively analyzed as it was done in
the case of BCD."!

Finally, we will deal with the analysis of the series of absorption spectra of the pyronines in
the presence of different concentrations of yCD (Figure 2). As proposed above, these spectra
are contributed by the four species in equilibrium shown in Scheme 1. Taking into account
the definitions of the equilibrium constants (equations 1 to 4) and the matter balances for
yCD and for the pyronines, the following equations are obtained for the equilibrium
concentrations of the four species under conditions of excess of yCD ([yCD], > [P],):

_ —(1 + K, [yCD]o) + \/(1 + K1[YCD]y)? + 8Kp (1 + K, [yCD]p)[P],y

[P] Ky (1 + K[yCDIo) (10
[P,] = Kp[P]? (11)

[P:yCD] = K, [yCD],[P] (12)

[P,:yCD] = KpK,[yCD]o[P]? (13)

The apparent molar absorptivity measured at a certain wavelength A4 is the sum of the
contributions of the four species:

€app(M) = ﬁ (epWIP] + ep, WIP,] + £p.ycp W[P: YCD] + &p,.cp W [Py: YCD]) (14)

This equation was used as fit function in the global analysis of the series of absorption
spectra of the pyronines with fixed pyronine concentrations and varying concentrations of
yCD (Figure 2) applying PCGA. The global nonlinear fit parameters are the three
equilibrium constants (K, K, and Kp,). The molar absorptivities of the four contributing
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species, which make up their characteristic absorption spectra, were fitted as linear global
parameters. Nevertheless, in order to minimize statistical correlation among these parameters,
K, and K, were fixed at the values obtained in the analysis above (Table 2) as well as the
molar absorptivities of monomer and dimer of each pyronine (absorption spectra shown in
Figure 5). In the case of PB the fits were straightforward and very satisfactory and yielded
the value of K, listed in Table 2 and the spectra of the complexes PB:yCD and PB2:yCD
shown in Figure 5. Varying the value of K; within its uncertainty interval leads to small
changes in the fitted spectrum of PB:yCD but has a negligible effect on the absorption
spectrum of PB,:yCD (see Figure 8S in the Supporting Information). Nevertheless, in the case
of PY, there is a strong correlation among the fit parameters K, and the molar absorptivities
of the complexes PY:yCD and PY,:yCD that must be controlled to get a satisfactory fit. For
this purpose, a preliminary spectrum for PY,yCD was determined using only the
experimental data at concentrations of yCD higher than 1.5 10® mol dm™, at which the
contribution of the dimer PY, can be neglected. Then the whole data set was analyzed in an
iterative process looking for the chi-square minimum where either the spectrum of PY,:yCD
or the value of K, was fixed as well as K, and the spectra of PY and PY,. The best fit was
achieved for the values of K, and K, given in Table 2 and for the spectra shown in Figure 5
of the complexes PY:yCD and PY,:yCD. The value of K is higher than that obtained from
emission measurements but of the same order of magnitude. Lower values of K, provoked
significant distortions of the PY:yCD spectrum at the low wavelength range, but the value of
K, (Table 2) and the spectral properties of PY,:yCD were not significantly affected (see
Figure 8S in the Supporting Information).

The values obtained for K, are in good agreement with the values reported in the literature
for PY and PB, although in those works the experiments were performed in aqueous solutions
of 1.0 mol dm™ NaCl and at 25°C." Also absorption spectra for the P,:yCD complexes were
estimated in those works, which have similar properties as our spectra. Nevertheless, in those
estimations it was assumed that the spectra of the P:yCD complexes were the same as the
spectra of the monomers, which is a very strong assumption. Our analysis shows that the
absorption spectra of the P:yCD complexes are quite different to those of the free monomers
(Figure 5) and that they have a strong influence on the spectra determined for the P,:yCD
complexes.
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3.3. Discussion of Results.

On the basis of the results presented so far we will first discuss the properties of P:CD (1:1)
complexes, then the formation of complexed dimers P,;yCD and finally the relative

orientation of the guests in the dimers.

As already determined in dynamic studies of these systems, the increase of cavity size in yCD
with respect to BCD has a great effect on the stability of the P:CD complexes.™? The values
obtained for the 1:1 association equilibrium constant of the pyronines with yCD (K, in
Table 2) are one order of magnitude smaller than those determined with BCD,? a result that
has been explained on the basis of the association dynamics of these systems studied by FCS.
Moreover, the complexes PB:CD are about 5 times more stable than those formed by PY
both with BCD and yCD. This is due to the stronger interaction of PB with the interior of
the CD cavity that is reflected in the smaller dissociation rate constants.’’ Nevertheless,
P:yCD and P:BCD complexes show very similar photophysical properties, as shown in
Figure 6. Both the absorption and the emission spectra of these complexes are slightly red
shifted with respect to the spectra of the corresponding free pyronines. Fluorescence quantum
yield decreases in the complexes with respect to free pyronines as well as fluorescence lifetime,
due to the increase of the nonradiative deactivation rate constant (see Table 3). This increase
is smaller in the complexes P:yCD reflecting again the weaker specific interactions of the

pyronines with the CD of bigger cavity.

Table 3. Fluorescence lifetimes, fluorescence quantum yields, radiative deactivation rate
constants and nonradiative deactivation rate constants of PY and PB in aqueous solution and
their 1:1 complexes with BCD and with yCD.

T /ns (0] k /J10°s" Kk, /10°s!
PY® 1.76 0.47 0.27 0.30
PY:BCDF! 1.08 0.27 0.25 0.68
PY:yCD 1.1 0.33 0.30 0.61
PBY 1.20 0.36 0.31 0.56
PB:BCDE 0.50 0.19 0.38 1.6
PB:yCD 0.75 0.27 0.36 0.97

But the larger cavity size of yCD with respect to BCD has another important effect on the
complexation behavior of these systems: the efficient formation of P,:yCD complexes which
are highly stabilized through cooperative interactions. These complexed pyronine dimers are
observed already at low pyronine concentrations where formation of free dimers is negligible.
The addition of yCD causes thus a strong enhancement of pyronine dimerization. This effect
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1213 and as a tool to

illustrates the great potential of CDs as molecular reactors and catalyzers!
assist guest self-assembly. The different complexation stoichiometries lead to a complicated
mechanism for the interaction of the pyronines with yCD (Scheme 1), where pyronine
dimerization is included as a second pathway for the formation of P,:yCD complexes. For the
interaction of these pyronines with BCD the mechanism is much simpler, since the cavity size
is too small for the formation of 2:1 complexes and, at the concentrations used in those

measurements, pyronine dimerization needs not to be taken into account.?!

The values of the equilibrium constants given in Table 2 allow us to calculate the equilibrium
concentrations of each species present as functions of yCD concentration using equations 10
to 13. As expected, the relative concentrations of species P, and P,:yCD are highly dependent
on the total pyronine concentration, being negligible at the concentrations used for emission
measurements. This supports the assumption made for the analysis of the series of emission
spectra. The concentration of P, decreases rapidly when adding yCD, whereas that of P,:yCD
increases at low yCD concentrations and decreases afterwards. In spite of the low values of K;
and the high values of K¢, P:yCD concentration increases as the concentration of yCD is
increased and it is the predominant species at high yCD concentrations, except in the case of
high dye concentrations. This can be understood since in our studies the total pyronine
concentration is much lower than that of yCD, so that a P:yCD complex has a very low
probability to find a second free pyronine molecule to form a P,:yCD complex. This would
not be the case if dye and yCD concentrations were comparable.

The capacity of yCD to enhance pyronine dimerization can be quantified by comparing the
equilibrium constant Kj, with the product K; K¢ (see Scheme 1 and Table 2). Their values
indicate that dimer formation inside the yCD cavity is 8 and 26 times enhanced, for PB and
PY respectively, with respect to aqueous solution. Although no dynamic information is
available for the dimer formation, the high value of K,“ suggests the importance of
cooperative effects during the formation of the P, yCD complexes and that hydrophobic
interactions play an important role in the stability of the pyronine dimers, as already
proposed for other dyes.® Comparing the two pyronines, the dimerization enhancement is
significantly larger for PY than for PB, as reflected in the higher stability constant K, of the
complex PY,:yCD compared to PB,:yCD (see Table 2). This difference may be attributed to
the better fit of two PY molecules inside the yCD cavity in comparison to the bulkier PB,
but the necessary reorientation of the PB dimers could also play an important role, as it will
be discussed below.

The absorption spectra of species P, and P, yCD obtained by global analysis of the
experimental data (Figure 5) provide interesting information about the geometries of the
dimers of the two pyronines by applying exciton theory.'*" For both pyronines the
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absorption spectra of the P,.yCD complexes show single bands which are blue shifted with
respect to the spectra of the monomers, indicating a parallel geometry (H-type or
“sandwich”) in both cases. On the contrary, the free dimers of PY and PB have different
spectral properties. The spectrum of PY, shows a single blue-shifted absorption band typical
of a “sandwich” H-type aggregate, whereas the spectrum of PB, has two bands indicating a
geometry in between a parallel dimer and a head-to-tail dimer (J-type). In order to obtain
more quantitative information about the geometries of the dimers, their absorption spectra
were decomposed in several Gaussian curves and the oscillator strength ratios between blue
and red bands were calculated. For PY, and the two complexed dimers, PY,yCD and
PB,:yCD, these ratios are higher than 1.3, confirming that they are H-type (see Figure 7).19
In the case of PB,, the ratio of oscillator strengths corresponds to an oblique head-to-tail
dimer with an angle between the monomer units of about 100°, as represented in Figure 7.
These results suggest that PB, has to undergo a great geometrical change when it is included
inside the yCD cavity, which should reduce the association rate constant and may explain the
lower stability of the complex PB,:yCD in comparison to PY,:yCD.

Figure 7. Approximate geometries of the free dimers PY, and PB, and of the complexed
dimers PY,:yCD and PB,:yCD as derived from their absorption spectra.

The results obtained in this work give again evidence of the important differences in the
aggregation and complexation behavior of the two pyronines derived from the simple
substitution of the methyl groups by ethyl groups. In the case of the P:CD complexes, the
stability is determined by the strength of the specific interactions between the xanthene
moiety and the interior of the CD cavity, being potential steric effects of the side groups
negligible. On the contrary, the bulkier ethyl groups of PB hinder parallel dimerization in the
free dimers and decrease the stability of the complexed dimer. The yCD cavity assists like a
belt the self-assembly of the pyronines stabilizing dimers which do not significantly form on
their own.
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4. Experimental Section.
Materials.

PY was purchased from Sigma (51% dye content) and PB from Aldrich (57% dye content).
The main impurities of these materials are not water soluble, so that they can be separated
by filtration of the aqueous solutions. yCD (Sigma-Aldrich) was used as delivered. The pH
of the solutions was controlled by addition of HC1O, (Merck, p.a.). Water was purified with a
Milli-Q system.

Sample Preparation.

Stock solutions of PY and PB were prepared as reported before and were stable within 2-3
days when kept protected from light.” The absence of fluorescence impurities in these stocks
was checked by comparing the excitation and the emission fluorescence spectra of diluted
aqueous solutions monitored at different emission and excitation wavelengths, respectively.
The concentrations of the stocks were estimated wusing the literature value of
£=1.110° mol'dm®cm™ for the molar absorptivity of both PY! and PBF at their
respective absorption maxima. Very diluted samples were used for this estimation to avoid
the effect of pyronine aggregation. The inaccuracy of these concentrations, inferred from the
disagreement of the reported molar absorptivity values, has a direct effect on the absolute
values obtained for the equilibrium constants but has not been taken into account for the

estimation of their errors.

Aqueous solutions for measurements were freshly prepared by dilution of the stocks, with
pyronine concentrations in the range (0.03-1) 10* mol dm® for absorption and
(0.2-1) 10° mol dm™ for fluorescence. Dilution was made using HCIO, solutions of pH
4.0 + 0.5 instead of water in order to minimize the hydrolysis of the pyronines. Samples of
varying CD concentration were prepared by addition of different volumes of a yCD stock
solution (concentration about 0.050 mol dm™). Adsorption of the pyronines on glass surfaces
caused poor reproducibility of fluorescence intensity, especially in the case of PB. In order to
minimize this problem the glass flasks were rinsed several times with pyronine solutions of the
desired concentration and small amounts of yCD were added to the PB stocks for the
titration experiments. Also quartz cells were used, since the adsorption on this material was
negligible. No deoxygenation of the samples for time-resolved measurements was necessary
since these pyronines have short fluorescence lifetimes.
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Absorption Measurements.

Absorption spectra were recorded in a Varian-Cary 300 spectrometer using quartz cells.
Baselines of 0% and 100% transmittance were recorded with water in both sample and
reference cells. Cells of 10.0 mm and 4.0 mm path length (¢) were used to cover a wide range
of concentrations in each series assuring that the absorbance values were within the linear
range of the spectrometer. The linear range of the spectrometer was checked to be up to an
absorbance of 4.25, as determined with solutions of different concentrations of methyl orange.
These solutions were also measured with the two cells of different path lengths in order to
obtain the exact conversion factor. The absorption spectra are shown in units of apparent
molar absorptivity ¢, (i.e., A/tC) to eliminate the effect of the different path lengths and
dye concentrations on the measured absorbances. The optical effect of the cyclodextrin on the
absorption spectra was corrected using a yCD solution with the same concentration as the
sample solution as reference. Temperature was kept constant at 20 & 1 °C during the
measurements.

Fluorescence measurements.

Both steady-state and time-resolved fluorescence measurements were performed with an
Edinburgh-Instruments F900 spectrofluorimeter, equipped with a Xenon lamp of 450 W as
excitation source for steady-state measurements and a hydrogen-filled nanosecond flashlamp
for lifetime measurements using the time-correlated single photon counting technique.
Excitation wavelengths were 515 nm for steady-state emission spectra and 310 nm in time-
resolved measurements. Fluorescence decays were measured at 565 nm with a TAC resolution
of 0.053 ns but were limited by the pulse width (typical half width 1.5 ns). All decays were
measured up to 10000 counts at maximum. Emission spectra were corrected for the
wavelength dependence of the detection system. All experiments were carried out at
20 £ 1 °C.

Absolute quantum yields were determined using rhodamine B in basic ethanol as the

standard, with a reported value of 0.70 for its fluorescence quantum yield.!

Data analysis.

The series of absorption and emission spectra obtained in the titrations with yCD were
analyzed using Principal Components Global Analysis (PCGA).™ This method can be
applied to series of spectra which vary with an external parameter, as the yCD concentration
or the pyronine concentration in our case. The first step of PCGA is a Principal Components
Analysis (PCA), where the minimal number of spectral components responsible for the
observed variations is obtained. This information helps to draw up a theoretical model that is
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used in the second step as a fit function for a nonlinear least-squares global analysis using the

whole spectra as a dataset. The results of this global fit are the values of the physicochemical

parameters involved in the model and the individual spectra of the components.

Individual fits of fluorescence decays were performed with the software package from

Edinburgh Instruments using deconvolution of the lamp pulse. The series of decays at

different yCD concentrations were also analyzed with the above-described PCGA using a

modified procedure that allows deconvolution of the lamp pulses.
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Supporting Information.
1. Principal component analysis (PCA) of emission and absorption spectra.

Legend for the Figures 1S - 6S (PCA of emission and absorption spectra).

Panels a and b: first four or five spectral eigenvectors and eigenvector profiles:

Eigenvector Line Color
First solid light gray
Second dash dot light gray
Third solid black
Fourth dash black
Fifth (where necessary) dot black

Panel c: logarithmic plot of eigenvalues versus number of components.
Panel d: logarithmic plot of mean error values versus number of included components.

Panel e: plot of mean Durbin-Watson test values of residual spectra (circles) and residual
profiles (triangles) versus number of included components.
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Figure 1S. Results of PCA of the series of absorption spectra of PY in aqueous solution in the
presence of different concentrations of yCD (0 to 0.050 mol dm™) at a fixed concentration of PY
(3.6 10° mol dm™) as shown in Figure 2. PCA yields 3-4 structural components contributing to
the experimental spectra. As known for absorption spectra, the spectral eigenvectors (a) are
distorted by baseline fluctuations and drifts and are not a reliable criterion for the determination
of structural components in PCA. In these cases the eigenvector profiles (b) are found to be
more stable: The first three eigenvector profiles (gray lines and black solid line) show systematic
variations with the yCD concentration, whereas the fourth and all following profiles fluctuate
randomly. This indicates three structural components. The other statistical criteria support this:
The first four eigenvalues (c) have significantly higher values than the following ones and
represent the structural variance of the data. The inclusion of four components reduces the
value of the mean error (d) down to the level of the residual mean error. And the mean Durbin-
Watson test values (e) calculated as a function of yCD concentration (triangles) show that it is
necessary to include 3-4 components in order to obtain uncorrelated residuals.
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Figure 2S. Results of PCA of the series of absorption spectra of PB in aqueous solution in the
presence of different concentrations of yCD (0 to 0.050 mol dm™) at a fixed concentration of PB
(6.6 10° mol dm™) as shown in Figure 2. PCA yields 3-4 structural components contributing to
the experimental spectra. Spectral eigenvectors (a): see comments in Figure 1S. Eigenvector
profiles (b): The first four eigenvector profiles (gray lines and black solid and dashed lines) show
systematic variations with the yCD concentration, whereas the fifth and all following profiles
fluctuate randomly. This indicates four structural components. The other statistical criteria
support this: The first 4-5 eigenvalues (c) have significantly higher values than the following
ones and represent the structural variance of the data. The inclusion of four components
reduces the value of the mean error (d) down to the level of the residual mean error. And the
mean Durbin-Watson test values (e) calculated as a function of yCD concentration (triangles)
show that it is necessary to include three to four components in order to obtain uncorrelated
residuals.
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Figure 3S. Results of PCA of the series of absorption spectra of PY in aqueous solution as a
function of pyronine concentration (0 to 60 10 see also Figure 3). PCA yields 2 structural
components contributing to the experimental spectra. Spectral eigenvectors (a): see comments in
Figure 1S. Eigenvector profiles (b): Only the first two eigenvector profiles (gray lines) show
systematic variations with the PY concentration, whereas the third and all following profiles
fluctuate randomly. This indicates two systematic components. The other statistical criteria
corroborate this: The first two eigenvalues (¢) have significantly higher values than the following
ones and represent the structural variance of the data. The inclusion of two components reduces
the value of the mean error (d) down to the level of the residual mean error. The mean Durbin-
Watson test values (e) calculated as a function of wavelength (circles) are again distorted by the
baseline instabilities, but the DW-values calculated as a function of PY concentration (triangles)
lie well above the critical value of 1.7 with the inclusion of the second component, indicating
that two components are necessary to obtain uncorrelated residuals.
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Figure 4S. Results of PCA of the series of absorption spectra of PB in aqueous solution as a
function of pyronine concentration (0 to 70 10° mol dm™, see also Figure 3). PCA yields two
structural components contributing to the experimental spectra. Spectral eigenvectors (a): see
comments in Figure 1S. Figenvector profiles (b): the first two eigenvector profiles (gray lines)
show strong systematic variations with the PB concentration, whereas the third and fourth
profiles (black lines) fluctuate randomly. This indicates two systematic components. The other
statistical criteria are not conclusive except for the mean Durbin-Watson test wvalues (e)
calculated as a function of PB concentration (triangles): inclusion of two components is
sufficient to obtain uncorrelated residuals.
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Figure 5S. Results of PCA of the series of emission spectra of PY in aqueous solution in the
presence of different concentrations of yCD (0 to 0.027 mol dm™) at fixed concentration of PY
(2.0 107 mol dm™) as shown in Figure 4. PCA yields two structural components contributing to
the experimental spectra. Spectral eigenvectors (a) and Figenvector profiles (b): Only the first
two eigenvectors (gray lines) show systematic variations with the wavelength (a) or with the
yCD concentration (b), whereas the third and all following profiles fluctuate randomly. This
indicates clearly two systematic components. The other statistical criteria corroborate this: The
first two eigenvalues (c) have significantly higher values than the following ones and represent
the structural variance of the data. The inclusion of two components reduces the value of the
mean error (d) down to the level of the residual mean error. The mean Durbin-Watson test
values (e) calculated as a function of wavelength (circles) and those calculated as a function of
yCD concentration (triangles) lie well above the critical value of 1.7 with the inclusion of the
second component, indicating that two components are necessary to obtain uncorrelated
residuals.
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Figure 6S. Results of PCA of the series of emission spectra of PB in aqueous solution in the
presence of different concentrations of yCD (0 to 0.027 mol dm™) at fixed concentration of PB
(2.0 107 mol dm™®) as shown in Figure 4. PCA yields two structural components contributing to
the experimental spectra. Spectral eigenvectors (a) and Eigenvector profiles (b): Ounly the first
two eigenvectors (gray lines) show systematic variations with the wavelength (a) or with the
yCD concentration (b), whereas the third and all following profiles fluctuate randomly. This
indicates clearly two systematic components. The other statistical criteria corroborate this: The
first two eigenvalues (c) have significantly higher values than the following ones and represent
the structural variance of the data. The inclusion of two components reduces the value of the
mean error (d) down to the level of the residual mean error. The mean Durbin-Watson test
values (e) calculated as a function of yCD concentration (triangles) lie well above the critical
value of 1.7 with the inclusion of the second component, indicating that two components are
necessary to obtain uncorrelated residuals, whereas those calculated as a function of wavelength
(circles) suggest three components. Two systematic components is taken as result of PCA for
this series since most of the criteria indicate that.

2. Pure absorption spectra.
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Figure 7S. Dependence of the absorption spectra of the pyronine dimers on the value of the
dimerization constant K, used in the fits for PY, (dashed line: K, = 2.5 mM", solid line:
K,= 3.0 mM" dotted line: K,,= 3.5 mM") and on the PB concentration range used in the fits
for PB, (dashed line: up to 6 10° mol dm™, solid line: up to 4 10 mol dm™).
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Figure 8S. Dependence of the absorption spectra of the 1:1 and 2:1 complexes formed between
the pyronines and yCD on the value of the association constants K, K, used in the fits (see
text).

PY:)dashed line, K, = 0.042 mM", K,= 26 mM"; solid line, K, = 0.066 mM", K,= 26 mM";
dotted line, K, = 0.097mM", K, = 26 mM™.

PB: dashed line, K; = 0.16 mM"! K,=84 mM"; solid line, K,=0.19 mM"', K,= 8.3 mM};
dotted line, K, = 0.22 mM*, K, = 8.1 mM™.
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Abstract: The host-guest complexation between an Alexa 488 labelled Adamantane derivative
and B-cyclodextrin is studied by Fluorescence Correlation Spectroscopy (FCS). A 1:1 complex
stoichiometry and a high association equilibrium constant of K = 5.2 10 M* are obtained in
aqueous solution at 25°C and pH = 6. The necessary experimental conditions are discussed.
FCS proves to be an excellent method for the determination of stoichiometry and association
equilibrium constant of this type of complexes, where both host and guest are nonfluorescent
and which are therefore not easily accessible to standard fluorescence spectroscopic methods.

1. Introduction.

Supramolecular host-guest chemistry describes the formation of molecular complexes
composed of small molecules (guest) noncovalently bound to larger molecules (host) in a
unique structural relationship.! Host-guest complexes are of great technological importance
an have been extensively studied.” Several techniques are used to determine their
stoichiometry and stability, such as calorimetry, conductivity, pH potentiometry, capillary
electrophoresis, and absorption or fluorescence spectroscopy. Among them, fluorescence
spectroscopy is widely used, because it is a sensitive and relatively straightforward technique.
Standard fluorescence spectroscopy analyses the variation of a spectroscopic property
(quantum yield, spectral shift, lifetime, or anisotropy) of a fluorescent guest or host due to
the complexation. A significant variation of any of these parameters requires an intimate
participation of the fluorophore in the complexation process, which limits the use of this
technique to cases where the fluorophore itself is included as guest (Figure 1 a) or is expulsed
from the interior of the host by a nonfluorescent guest in a competitive process or where some
specific interactions take place. Most technologically interesting host-guest complexes are
themselves nonfluorescent and the attachment of a fluorescent label in order to use them in
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standard fluorescence spectroscopy leads to a dilemma: on one hand, the fluorophore should
not interfere in the host-guest complexation under study, but on the other hand a sufficiently
strong interaction between fluorophore and host or guest is necessary in order to detect a
change in the spectral properties upon complexation. Although many specific solutions have
been found, the study of fluorescently labelled host-guest systems by standard fluorescence

spectroscopy is still challenging.

a K L

O+ =
b
@3'% R

AL S
Figure 1. Fluorescent labeling of a host-guest complex (a) inclusion of a fluorescent guest (b)
guest with attached fluorophore (c) host with attached fluorophore.

Fluorescence Correlation Spectroscopy (FCS) can solve the described problem in a more
general way. Instead of the change in the spectral properties FCS analyses the variation in
the diffusion coefficient of a fluorophore attached to guest or host due to the increase in the
molecular weight upon complexation (see Figure 1, b and c). The fluorophore itself needs not
to interact directly with the host-guest complex except for a common diffusive movement.
This relaxes the conditions imposed on the fluorophore which can be selected independently
of the specific host-guest system, so that bright and photostable dyes can be attached at
convenient positions in guest or host.

FCS is a well established fluctuation correlation method that extracts information about the
dynamics of molecular processes from the small changes in molecular concentration or
chemical states that arise from spontancous fluctuations around equilibrium.? FCS allows one
to study dynamic and photophysical processes that take place in a wide time scale in one and
the same experiment. It is a single molecule technique which uses very small sample volumes
determined by a confocal setup and nanomolar fluorophore concentrations. FCS is used in a
wide range of fields, but surprisingly few applications to the study of host-guest complexation
can be found. We studied recently by FCS host-guest dynamics and determined the fast

entry/exit rate constants of fluorescent dyes within cyclodextrins.™ °
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In this contribution we will study by FCS the stoichiometry and the stability of the inclusion
complex formed between the host B-cyclodextrin (BCD) and the nonfluorescent guest
adamantane labelled with Alexa 488 as fluorescent probe (see Figure 2).

Cyclodextrins (CD) are naturally occurring water-soluble toroidally shaped polysaccharides
with a highly hydrophobic central cavity that have the ability to form inclusion complexes

[6-12
S.

with a variety of organic and inorganic substrate | The three major natural cyclodextrins

are o, B and yCD built up from 6, 7 and 8 glucopyranose units, respectively. CDs are often
found as building blocks of supramolecular systems, self-assemblies or chemical sensors.!**
The ability of CDs to form inclusion complexes, in which the physicochemical properties of
the guest molecules change with respect to the free molecules, has led to a variety of

applications. %!

NH o}

@ Ada-A488

Figure 2. (a) Structure of Ada-A488 (b) Structure of BCD. (c¢) Sketch of an adamantane-BCD
inclusion complex.

Adamantane (tricyclo[3.3.1.1(3,7)]decane, C,;H,5) is formed by four cyclohexanes fused to
each other in chair conformations achieving a strain free and highly symmetrical stable
structure. The adamantyl group is a spherical group with a diameter of 7 A which perfectly
matches the cavity diameter of BCD. Adamantane derivatives form therefore 1:1 inclusion
complexes with RCD with high values of the association equilibrium constant, typically
between 10*-10° M.23U Due to their high stability CD-adamantane complexes have found
several important applications both in supramolecular chemistry and in biomedical
applications, such as hydrogels,"? affinity biosensors,® surface-mediated gene delivery,?”
cyclodextrin polymer-based particles,® or supramolecular polymers.? 37

In this work we demonstrate how FCS can be used to study the inclusion complex formation
between BCD and adamantane labelled with the fluorescent probe Alexa 488 (Ada-A488 as
shown in Figure 2). We discuss the necessary experimental conditions, determine the
stoichiometry and the equilibrium constant and compare the results with those published for

similar guests obtained with other methods.
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2. Theory.
2.1. Mechanism.

The association of the fluorescent guest A and the nonfluorescent host H yielding a
fluorescent complex B is treated as a reversible chemical reaction with (association)

equilibrium constant K:
K
A+H——8B (1)

The equilibrium constant K is related to the entry (association) (k) and exit (dissociation)

(k) rate constants as follows:
k= (2)

Under conditions where the host concentration [H] is always much higher than that of the
fluorescent guest, this concentration coincides with the initial host concentration [H],, and the
complexation “reaction” is pseudo-first-order with relaxation (“reaction”) time 7, given by:

g = (ky[H]o + k)1 (3)
2.2. FCS.

FCS analyzes the fluorescence intensity fluctuations that are caused by the spontaneous
variations in the number of fluorescent molecules in the confocal sample volume due to
translational diffusion.’* The observed fluorescence intensity fluctuates at a time scale
given by the mean residence time of a fluorophore in the sample volume. The intensity
fluctuations B8F(t) = F(t)- (F) are analyzed by the normalized temporal autocorrelation
function G(7) as function of the correlation time 7z as given in eq. 4.

_ (8F(t) 8F(t+1))
‘0= ror W

The time dependent part of the correlation function describing pure translational diffusion of
a single fluorescent species in and out of a sample volume Gp, is given in eq. 5. Here a
three-dimensional Gaussian sample volume is assumed with radial and axial 1/€” radii w,,
and w,, respectively. N is the mean number of fluorescent molecules within the sample
volume and 7, is the translational diffusion (transit) time of the molecules across the sample
volume, which is related to the translational diffusion coefficient D by eq. 6. 4
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Gp(7) = %(1 + %>_1 <1 + (“Z‘Zy)z %>_% (5)
D= Z—i (6)

At higher excitation power the dark triplet state of the dye may be significantly populated
and a superimposed fast flickering of the fluorescence intensity may be observed with a time
constant z; given by the triplet lifetime of the fluorophore. This leads to an additional
exponential term in the correlation function as described in eq. 7.

Gpr (1) = Gp(T)(1 + Ap e77/7T) (7)

In the case that the exchange of the fluorophore between free and bound states is much faster
than the typical transit time of the fluorophore across the sample volume (7; < 17,) these
states of the fluorophore will not be seen by FCS as two distinct species, but as a single one
with a mean diffusion time 7, The value of 7, depends then on the individual diffusion
coefficients D;and D, of free and bound fluorophore and on the molar fractions
X.= N,/(N+N,) of these species:

Ty = Wiy
P ™ 4(X¢ D + Xy, Dp)

= (Xr(t) ™ + Xp(rp) ™D (8)

The full correlation curve describing translational diffusion of two fluorescent species in fast
exchange and a common triplet term is given in eq. 9 where the diffusion term is defined by

the mean diffusion time 7.

Gpr(7) = %(1 + %>_1 (1 + (wxy>2 fi>_% (1+ Ap e™7/71) (9)

Wy D

In the case of a fluorescent guest, a 1:1 stoichiometry, and under the conditions that the free
host concentration is always much higher than that of the guest, [A] « [H], the mean
diffusion time 7, can be expressed as function of the total host concentration [H],, the
equilibrium association constant K and the limiting values of the diffusion times of free and
bound dye, 7 and 7, respectively.

_ (1 + K[H],)

D= T (10)
1 +TbK[H]O
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The equilibrium association constant K can then be determined from a fit to a series of mean
diffusion times measured at different host concentrations or directly from a global fit to the

series of correlation curves.
3. Results and Discussion.

The determination of absolute diffusion coefficients with standard FCS can be affected by
several experimental errors.”” For the determination of the equilibrium constant and the
stoichiometry of the complexation only relative values of the diffusion times are needed, but
even these may be distorted at high excitation irradiance due to saturation or
photodestruction of the fluorophore. The residence time of the complex in the focal volume is
longer than that of the free fluorophore, which may increase the photobleaching probability
and thus shorten the apparent diffusion times. This in turn flattens the titration curve and
leads to an underestimation of the equilibrium constant. Therefore, as a first step the
irradiance dependence of the fluorescence count rate and of the diffusion coefficient of free
and complexed Ada-A488 has been studied. Figure 3 shows that the registered fluorescence
count rate per Ada-A488 molecule (the molecular brightness) (filled black squares) increases
linearly at low irradiance but levels off slightly at higher values. The presence of BCD
([CD] = 6.4 10® mol dm™) has only small influence on the brightness of the fluorophore, with
a reduction of about 5% at low and about 25% at highest irradiance. This change may be due
to different photobleaching probabilities of free and complexed dye, to polarization effects in
the detection optics, to a change of the refractive index of the solution, or to increased
scattering, but it may also be due to some direct interaction between the Alexa 488
chromophore and the adamantane-cyclodextrin complex. However, the Alexa 488 fluorophore
is too big to be included into the BCD cavity and no efficient competition with the
adamantane inclusion is to be expected.

The diffusion time of Ada-A488 (open squares in Figure 3), increases significantly on the
addition of BCD (open circles). At highest irradiance a very similar slight decrease of the
diffusion times (of about 5%) is observed in both cases, probably due to some saturation
effect. For the titration measurements an irradiance of I,/2 = 27 kWem™ was chosen, which
is at the upper end of the linear increase of the brightness.

The normalized fluorescence intensity correlation curves G(7) of Ada-A488 in water at
different BCD concentrations are shown as grey lines in Figure 4. The detected fluorescence
intensity is strongly correlated at very short correlation times, but then two decorrelation
terms are observed at around 5 ps and 200 us. The amplitude of the first term increases
strongly at higher irradiance (not shown) but is independent of the RCD concentration. It
can therefore be safely assigned to the population of the triplet state of Alexa 488. The
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second term shifts to longer correlation times at increasing BCD concentration and is assigned
to the diffusion of the fluorophore in and out of the sample volume. All correlation curves can
be well fitted with correlation function Gpp (eq. 9) yielding the diffusion times 7, shown in

the inset of Figure 4a.

—l——— Ada-A488

—@——0O— Ada-A488 + BCD (6.4x10° mol dm’®) /
°
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Figure 3. Power series of the FCS signal of Ada-A488 in aqueous solution (squares,
[BCD],= 0 mol dm™) and at high concentration of BCD (circles, [8CD],= 6.4 10 mol dm™).
[Ada-A488] ~ 10 mol dm™). Left scale, filled symbols: count rate per single Ada-A488 molecule.
Right scale, open symbols: diffusion time of Ada-A488. All data obtained from FCS correlation
curves similar to those shown in Figure 4 at different excitation irradiances. Counts per molecule
(cpm) is the total detected fluorescence count rate divided by the mean number of molecules in
the focus N.
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Figure 4. Fluorescence intensity correlation curves G(7) of Ada-A488 in the presence of
increasing concentrations of BCD ([CD] =0 to 6.4 10® mol dm®) in aqueous solution.
([Ada-A488] ~ 10” mol dm™). Panel a: normalized experimental correlation curves at increasing
BCD concentration (grey curves) and two representative curves from the global fit of Equations.
9 and 10 at [CD] = 0 mol dm™ (red curve) and [CD] = 6.4 10 mol dm™ (blue curve) to the
correlation curves. The intermediate fit curves are not shown for clarity. Small vertical bars
indicate the diffusion time obtained from the fit. Inset: mean diffusion times 7, as function of
BCD concentration determined from individual fits of the equation 9 to the correlation curves.
The highest concentrations are not shown. See also Figure 5. Panel b: stacked representation of
the same correlation curves as in panel a. Panel c: weighted residuals from the global fit
(vertical scale is arbitrary).
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The strong increase of 7, already at very low BCD concentration cannot be explained by an
increase of the solvent viscosity, which is not significant at these low cyclodextrin

' We interpret these values of 7, as mean diffusion times 7, of the fluorophore

concentrations.
in fast exchange between free and bound states as described by equations 8-10. The fit of
these mean diffusion times 7, by the model of a complexation with stoichiometry 1:1 (eq. 10)
is very satisfactory as shown in Figure 5. More precise values of the parameters are obtained
by a direct global target fit of the correlation curves by equations 9 and 10 as shown in
Figure 4. The results of this global fit are listed in Table 1, together with calculated values of

the diffusion coefficients and the hydrodynamic radii of free dye and the complex.

Table 1. Results of the global target fit of equations 9 and 10 to the correlation curves shown
in Figure 4 and calculated values. All values at 25.0 + 0.5 °C.

Ada-A488 + BCD

K /10° M 52 + 2
7 /ms 0.222 + 0.002
7, /ms 0.300 =+ 0.002
A; 0.20

o /us 4.8

D; /10" m?s 3.15 4 0.30

D, /10" m*s™ 2.33 £0.20
R, /A 7.8+ 0.7
R, /A 10.5 + 0.9

The limiting diffusion times obtained from the fits to the series of correlation curves were
converted to translational diffusion coefficients D using eq. 6 with the radial 1/¢* radius of
the sample volume obtained from a calibration with Rhodamine 123 as reference (see
experimental section). The uncertainty in this calibration and other systematic errors are not
included in the indicated standard deviations. The hydrodynamic radii R, of free Ada-A488
and of the complex Ada-A488:3CD were estimated applying the Stokes-Einstein relation
(eq. 11) with the viscosity of water 7(25°C) = 0.8905 cP:
kT

Ry, =
h 6nrnD (1)

As expected the free guest Ada-A488 has a higher diffusion coefficient than the complex
Ada-A488:3CD. The diffusion coefficient of homogeneous spherical particles is expected to
change with the inverse of the cubic root of their molar mass D ~ R, ~ M /3. As shown
previously this is well fulfilled for small globular molecules and for inclusion complexes of
different cyclodextrins.¥ In this case the ratio between the diffusion coefficients D, /D;= 0.74
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coincides perfectly with that expected from the ratio of their molar

masses

(M,/M;)"? = (2.37)"/%. The absolute values of the diffusion coefficients compare very well

with those obtained before for complexes between pyronines and BCD and yCD.*°)

300

280

1E-6 1E-5

1E-4 1E-3 1E-2

[pCD] / mol dm™®

Figure 5. Upper panel: Mean diffusion times 7, as function of BCD concentration determined
from individual fits of correlation function Gpr (eq. 9) to the normalized correlation curves of
Figure 4. Parameter of the fit as given in the text. The black curve represents the best fit of
equation 10 to 7 with the parameter 7=2254+2ps, 7, =297+ 2ps, and
K = (48 & 7) 10® mol''dm®. Note that due to the logarithmic concentration scale the values at
[CD] =0 M are not visible in the figure, although they are included in the fit. Lower panel:

residuals of the fit.

As can be deduced from the residuals in Figure 5, the precision in the measurement of the

diffusion times in these experiments is about o(#)/7 ~ 2%. This translates to a minimal

detectable relative change of the molar mass of the fluorophore from this data of about 20%.

The very high value of the association equilibrium constant K = 5.2 10* M agrees well with

that given in the literature for the inclusion of different adamantane derivatives into PCD

with values of K = 1-10 10* M. 2631 4]

Finally, the fact that in spite of the high association equilibrium constant a fast exchange of

Ada-A488 between free and complexed state is observed indicates that the association rate

constant must be similar or even slightly higher than that observed for the dynamics of the

association of pyronines to BCD." ° An additional correlation term due to the exchange itself

is not observed as the fluorophore does not change its brightness upon complexation.
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4. Experimental Section.
4.1. Materials.

RCD (Sigma-Aldrich) (M= 1134.98 g mol') was used as delivered. RCD was checked for
fluorescence impurities and was found to be clean enough for classical fluorescence
measurements and for FCS experiments. Water was purified with a Milli-Q system. The
synthesis of the Ada-A488 compound (M = 825.88 g mol!) is described in section 4.4.

4.2. Sample Preparation.

Stock aqueous solutions of BCD were freshly prepared with a concentration of about 8 1073
mol dm™. Stock solutions of Ada-A488 were prepared as follows: the solid compound Ada-
A488 was first dissolved in ethanol in order to facilitate its solubilisation. Then, an aliquot of
this solution was diluted 1000 times in 0.1 mol dm™ phosphate buffer to adjust the pH at 6.
The concentrations of Ada-A488 in these stock solutions were still 25-fold higher than that
necessary for the FCS measurements (approximately 10° mol dm™). The FCS samples were
finally prepared by dilution of a constant volume of the corresponding Ada-A488 stock
together with different volumes of the RCD stock solution and addition of water to adjust to
a certain total volume. All these volumes were weighed so that concentration corrections
could be performed. Special care was taken in order to avoid any possible contamination of
the samples with fluorescent impurities. At the highest CD concentrations a slight turbidity
was observed in the samples, which explains an additional small very slow term in the
correlation curves.

4.3. FCS Measurements.

The confocal epi-illuminated setup used for the FCS measurements is similar to that
described elsewhere.[**! A 40 uL drop of each sample was deposited on a borosilicate coverslip
(Menzel Gliaser, NO 1 DE). The samples were excited by the continuous linearly polarized
light of a 489 nm laser diode (Becker&Hickl, BDL-485-SMC, DE) coupled to a monomode
optical fiber (Point-Source, kineFLEX-P-1-S-405-0.7, UK). The light output of the fiber was
collimated (Schéfter&Kirchhoff, 60FC-4-6,2-01-DI, DE), spectrally cleaned (Semrock,
Brightline HC 482/18, US), redirected by a dichroic mirror (Semrock, Brightline BS R488,
US) and focused into the sample by a high aperture microscope objective (Olympus,
UPLSAPO 60xW/1.20, water immersion) mounted in an inverted microscope (Olympus,
IX-71). The fluorescence was collected by the same objective and then refocused through the
dichroic mirror onto a pinhole (Thorlabs, @=50 ym, US) in the image plane. The light
passing the pinhole was collimated, then split into two beams by a nonpolarizing beamsplitter
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cube (Newport, 05BC17MB.1, US) and each focused onto avalanche photodiodes
(MPD50CTC APD, @=50 pm, MPD, Italy). Band-pass filters (Semrock, Brightline HC
525/45, US) in front of the detectors discriminated fluorescence from scattered laser light.
Both output signals were processed and stored by TCSPC-modules (SPC 132, Becker & Hickl
GmbH, Berlin, Germany). Correlation curves were calculated with a fast home-built routine
that runs under LabVIEW (National Instruments).*” Typically 20 million photons were
collected for each correlation curve with count rates around 50 kHz. All measurements were
made at stabilized temperature, 25.0 + 0.5°C. The excitation power as measured in the focus
of the microscope objective by a power meter (Thorlabs, PM30-120, US) was typically

240 pW, corresponding to a mean irradiance of [,/2 = P/(m w,*) = 27 kW cm ™, assuming a
Gaussian intensity distribution along the optical axis. P is the excitation power in the

sample).1

The focal area and the detection volume were calibrated with Rhodamine 123 in aqueous
solution at low irradiance yielding a radial 1/¢’ radius of w,, = 0.53 pm. The value of
Dpios = (4.6 £ 0.4) 10" m?s™! is estimated from recent PFG-NMR* and dual-focus FCS"®!
data. The diffusion coefficients are given for 25°C. All given uncertainties correspond to one
standard deviation from the fits and do not include calibration errors.

Series of FCS curves measured at different host concentrations were analyzed by global
“target” analysis programmed in OriginPro 8.0 (OriginLab Corporation, US). An empirical
weighting function was used in order to take into account the strong variation of the noise in
the FCS curves.

4.4. Synthesis of the Ada-A488 Compound.
Preparation of compound 1 (see Scheme 1):

l-adamantanemethylamine (85.8 mg, 0.52 mmol) was dissolved in dry DCM (10.4 mL) and
Fmoc 8-amino-3,6-dioxaoctanoic acid (200mg, 0.52 mmol), HATU (217 mg, 0.57 mmol) and
DIEA (546 mL, 3.12 mmol) were successively added.

After 1 hour stirring at room temperature, the solution was poured into a separation funnel
and washed with HCI (5%) and NaHCO; (sat). The organic layers were dried over Na,SO,,
filtered and concentrated under reduce pressure, providing a yellow oil that when purified by
flash chromatography (2-4% MeOH in DCM) gave (1, 222 mg) of the compound as a white
foam [80%, Rf = 0.5 (5% MeOH in DCM)].
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Scheme 1. Synthesis of the Ada-A488 compound (4).

Preparation of compound 2:

A solution of Fmoc 8-amino-3,6-dioxaocta-methyladamantane amide (1, 25 mg, 0.047 mmol)
in piperidine-DCM mixture (1:4, 0.5 mL) was stirred at rt for 20 min, the solvent was
removed n vacuo, and the residue was dissolved in DCM . This solution was washed with
NaOH (1M). The organic phase was concentrated and dissolved in H20. The resulted
solution was centrifugated and the supernatant was liofilized giving 8-amino-3,6-dioxaocta-
methyladamantane amide (2, 11 mg) as a yellow oil which was used without further
purification [75%, Rt = 15.3 min (Eclipse Inertsil analitic column, 50-80 % MeOH 0.1%TFA
in H20 0.1%TFA in 19 min)].

'H NMR (CD,ON, 250.13 MHz, d): 7.04 6.85 (m, 2H, NH,), 3.9 (s, 2H, CH, ester),
3.65-3.52 (m, 6H, CH, ether), 3.01-2.89 (bs, 2H, CH, amine), 2.83 (d, J = 6.57 Hz, 2H, CH,
amide), 1.72-1.47 (m, 7H, CH and CH, Ad), 1.4 (s, 6H, CH, Ad).

Preparation of compound 4:

8-amino-3,6-dioxaocta-methyladamantane amide (2, 0.35 mg, 1.12 mmols) and Alexa Fluor
488 carboxylic acid succinimidyl ester (mixed isomers) (3, 0.2 mg, 0.31 mmols) were dissolved
in dry DCM (500 mL) and dry DMF (20 mL), DIEA (1 mL, 5.5 mmols) was added and the
mixture was stirred under argon for 1 h. The crude was purified by HPLC, affording (4,
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0.15 mg) of compound as a pink solid [58%, Rt = 15 min and 16min for 2 isomers (Eclipse
Inertsil analitic column, 50-80% MeOH 0.1%TFA in H,O 0.1%TFA in 19 min)]|.

MS (MALDI-TOF) [m/z (%)]: 825 ([M~], 100), 779.4 (8), 604.2 (16).
Abbreviations Used:

CD,CN: Deuterated acetonitrile; DCM: Dichloromethane; DIEA: Diisopropylethylamine;
DMEF: dimethylformamide; Fmoc: Fluorenylmethoxycarbonyl; HATU:O-(7-azabenzotriazol-1-
y1)-1,1,3,3-tetramethyluronium hexafluorophosphate; 'H NMR: Proton nuclear magnetic
resonance; HPLC: High Performance Liquid Chromatography; MALDI-TOF: Mass
Spectrometry of Laser Desorption/Ionization-Time of Flight; bs: broad singlet; d: doublet; m:
multiplet; s: singlet; rt: room temperature.

Suppliers:

Fmoc 8-amino-3,6-dioxaoctanoic acid: Commercially available from Bachem; Alexa Fluor 488
carboxylic acid succinimidyl ester (mixed isomers): Commercially available from Molecular
Probes.

5. Conclusions.

Fluorescence correlation spectroscopy has been proved to be an excellent method for the
determination of the stoichiometry and the association equilibrium constant of host-guest
complexes with fluorescently labelled guests. FCS requires only that guest or host can be
fluorescently labelled and that the complexation increases sufficiently the molar mass of the
fluorescent species. FCS needs only minimal amounts of host and guest, is fast and relatively
straightforward, as long as the experimental conditions are carefully selected. All
commercially available systems allow this type of measurements.

A very high value of the association equilibrium constant between Ada-A488 and RCD was
determined, which agrees well with that given in the literature for the inclusion of similar
adamantane derivatives into BCD.
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Abstract: Fluorescence Correlation Spectroscopy (FCS) is a powerful single molecule
technique for the study of the stability and the association dynamics of supramolecular
systems and, in particular, of host-quest inclusion complexes. With FCS the host-guest
binding equilibrium constant is determined analysing the variation in the diffusion coefficient
of the fluorescent guest or host with no need for a change in the photophysical properties of
the fluorescent probe. FCS gives also access to the association/dissociation rate constants of
the host-guest inclusion providing that the fluorescence intensity of host or guest changes
upon complexation. These rate constants can be compared with that of a diffusion-controlled
process estimated from the same FCS experiment allowing for a better understanding of the
association dynamics. The results show that cyclodextrin cavities act as “hard” cages which
put geometric and orientational restrictions on the inclusion of a hydrophobic guest, whereas
micelles behave as “soft” cages without geometrical requirements. In our contribution to this
special issue we review briefly the application of FCS to the study of host-quest inclusion
complexes with an emphasis on practical aspects and relevant bibliographic references.

1. Introduction.

Host-Guest complexes are supramolecular aggregates stabilized by non-covalent bonds and
are ubiquitous in biochemical, pharmaceutical, environmental, cosmetic, food, and other
chemical systems and applications.!!! Different approaches are necessary to fully understand a
supramolecular system: structural studies yield stoichiometry, geometry, association sites and
heterogeneity, thermodynamic studies provide information about stability, equilibrium
constants and reversibility, and finally dynamic studies are necessary to describe the
association/dissociation dynamics, diffusional properties or conformational dynamics. Most
published studies focus on structure and thermodynamics of supramolecular association,
which, however, give very few information about the dynamics of the system. As pointed out
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by C. Bohne “Dynamic studies are necessary to provide the ‘movie’ in addition to the
‘snapshots’ taken from structural and thermodynamic measurements”.?

In this contribution we briefly summarize how to use Fluorescence Correlation Spectroscopy
(FCS) for the study of supramolecular association and, more specifically, of the stability and
the binding dynamics in host-guest systems (as usual we use “binding“ as a general term for
an attractive noncovalent interaction. In the context of “host-guest* systems it refers to a
“complexation® or more specifically to “inclusion“). We show how knowledge about the
dynamics gives valuable information about the association mechanism, which is directly
related to the structure of the host and the guest. For details we refer to relevant
bibliography.

2. Association Dynamics.

Host-Guest complexes are typically formed by the association of host H with guest G to give
a 1:1 complex HG (see Figure 1). The association rate (on-rate) v, = k, [H] [G] is described
by the bimolecular association rate constant k,, whereas the dissociation rate (off-rate)
v.=k [HG] is defined by the unimolecular dissociation rate constant k. Both processes,
association and dissociation, are rate-limited by molecular diffusion and thus upper limits are
given by diffusion-controlled rate constants: ie. k< 10°M's?, k < 10°s! in aqueous
solution.

H G HG

Figure 1. Host H and guest G form complex HG with association rate constant k, and separate
with dissociation rate constant k .

At equilibrium both rates are equal, v, = v and the binding equilibrium constant K is
derived as ratio of the association and dissociation rate constants as given in eq. 1.
[HGl., ki

K= L, & (1)

Dynamic studies give information on how fast the complex associates or dissociates. For a 1:1
complexation the corresponding rate law (eq. 2) and the typical condition of excess host
concentration ([H], » [G],) lead to a pseudo-first order association rate and to kinetics which
are mono-exponential with an observed relaxation rate constant k; as given in eq. 3. Here we
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assume that the guest acts as fluorescent probe. Being FCS a single molecule technique, the
total concentration of the fluorescent probe is very low, of the order of [G],  10® M. Thus
the condition ([H], > [G],) is fulfilled even for hosts of low solubility or high affinity systems.
Don’t confuse the time dependence of the guest concentration [G](¢) with the autocorrelation

of the intensity fluctuations G(t) defined in eq. 4.

d[HG]
-~ = ke, [HI[G] — k_ [HG] )
[G](D) ~ e™*R, [HG](t) ~ 1 — e~*rE, kg = Kk, [H] + k_ (3)

The relaxation rate constant k; depends on the two rate constants, k, and k. The
contribution of the association process can be modulated by varying the host concentration
[H],, but not that of the dissociation.®

K/ M-

<1

| ‘1010

10° 102 10* 10° 10® 10"
ke /M s

Figure 2. Very different values of the association rate constant k, and the dissociation rate
constant k£ can lead to the same value of the binding equilibrium constant K.

Can we infer information about the relaxation rate constant ki of the binding equilibrium
from the corresponding equilibrium constant K? In other words: does knowledge about the
stability (thermodynamics) of a complex give information about the dynamics of the host
guest association? The answer is “not so much”; systems with similar values of their stability
constant K may present very different values of their association and dissociation rate
constants. For example, for a typical intermediate stability constant, K = 1000 M, the
association rate constant can fall in a very wide interval, between very low values, e.g.
k,=10°M's' or very high ones, only limited by diffusion (k, = 10""M"'s"), with the
corresponding values of the dissociation rate constants as indicated in Figure 2.
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That host-guest complexes with similar stability can present very different dynamics, had
already been demonstrated by the classical work of Cramer et al. for the inclusion of different
azoderivatives by a-cyclodextrin (aCD) studied by the temperature-jump technique.”
Substitution of the azoderivatives with ethyl or methyl side groups changes only very slightly
the stability of the aCD inclusion complex but decreases the association and dissociation rate

constants by several orders of magnitude.

How fast is the association/dissociation process? The time scale of this process is given by the
relaxation time 7, = kj ' which is the inverse of the relaxation rate constant &, (eq. 3). Again,
as an example, for K = 1000 M}, we can analyse the two above-mentioned cases as depicted
in Figure 3, right panel: slow dynamics with k, = 10°M's' & = 1s" (upper red curve)
correspond to long relaxation times of 7;=1s. Fast, diffusion-controlled dynamics with
k. =10"M"'s"', k =10"s' (lower, blue curve) lead to short relaxation times of 7 = 100 ns
or faster. These relaxation rates correspond to conditions of very low host concentration
where the dissociation process controls the relaxation rate. In both cases the observed
relaxation time is shortened with increasing host concentration. As can be seen, binding
dynamics cover a very wide time range and the upper limit corresponds to very fast reactions

experimentally not easily accessible.
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Figure 3. Right panel: For the same typical intermediate binding equilibrium constant,
K = 1000 M, the relaxation time z,= k,' of the equilibrium can vary in a very wide time
interval from seconds to nanoseconds. Upper curve: slow dynamics with k&, = 10° M's?,
k=1s" and < 1s. Lower curve: fast dynamics with k, = 10"M's?, & = 10" s, and
7, < 100 ns. Left panel: Dynamic range covered by some frequently used fast techniques for the
determination of the rate constants of supramolecular association/dissociation.

Frequently used fast techniques for the determination of the rate constants of supramolecular
association/dissociation are temperature-jump (T-Jump), time-resolved fluorescence (TRF),
laser flash photolysis (LFP), ultrasonic relaxation and stopped-flow (see Figure 3, left
panel).” “ These methods analyze the relaxation of the system back to equilibrium after a
perturbation. TRF and LFP rely on the photophysics of chromophores with fluorescent
excited states or long lived triplet states and/or on the presence of a quenching molecule.
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Ultrasonic relaxation needs no chromophore but requires detailed knowledge about the
molecular process being disturbed. Laser T-Jump covers a wide time range from nanoseconds
to seconds, whereas TRF, LFP and ultrasonic relaxation are limited to dynamics of nano- to
microseconds. Stopped-flow techniques can only be used to study slow dynamics. There are
other techniques that allow dynamic study of systems at thermodynamic equilibrium. The
most known is NMR, which is, however, limited to slow dynamics

3. Single Molecule Fluorescence.

The study of supramolecular dynamics require methodologies which cover a very wide range
of time scales, ideally within the same experiment. It is also preferred not to rely on unique
photophysical properties of the host guest system and to avoid perturbation of the system.
Techniques which analyze the fluorescence of single molecules have the potential to cover
these needs. They analyze variations in the fluorescence intensity of a molecular system due
to spontaneous fluctuations around the equilibrium, without the need for an external
perturbation and they can cover a very wide dynamic range. *

Although standard “bulk” fluorescence experiments already use low dye concentrations of
about 10 mol dm™ and small detection volumes around 1 mm?, the observed fluorescence is
still an average of the light emitted by about 10" dye molecules! This huge number average
hides any static and temporal heterogeneities in the molecular ensemble and, more important
for our case, makes it practically impossible to follow directly the dynamics of the
unsynchronized molecular processes. Kinetic measurements at these “bulk” concentrations
require therefore some external perturbation which synchronizes the molecular processes, so
that their relaxation back to equilibrium can be followed as a macroscopic variation of the
ensemble properties (Figure 4, a).

Single molecule fluorescence techniques observe a very small number or even a single molecule
at a time (Figure 4, b) and avoid thus the loss of information due to averaging. Observing a
few molecules allows one to follow directly the dynamics of the reversible association process
as significant fluctuations in the fluorescence intensity, provided that the association affects
the brightness of the fluorescent guest (or host). The species dependent brightness is given by
the product of the extinction coefficient, fluorescence quantum yield and detection efficiency
and is a measure for the detected fluorescence count rate from each species.

In order to detect fluorescence from single fluorophores it is not sufficient to reduce the
concentration of the observed dye but it is also necessary to suppress the background signal
(Raman scattering, impurities) by reducing the sample volume itself. Different techniques are
used for this aim. For slow dynamics one of the reaction partners is typically immobilized on
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a glass surface and the fluorescence is excited only within a very thin layer above this surface
by means of special illumination techniques (e.g. total internal reflection, TIR). The
fluorescence from this layer can then be detected with highly sensitive CCD cameras.”
Dynamics in the microsecond to hour range can be observed, limited mainly by the
photostability of the dyes at the long end and the time resolution of the detection at short

times.

intensity
intensity

time time

Figure 4. Simulated kinetic experiments for the study the dynamics of a reversible (association)
reaction assuming that the guest increases its fluorescence intensity upon complexation. Upper
panels: scheme of the sample volume (blue dashed circle) with bright yellow complex and dark
brown free guest. Lower panels: observed total fluorescence intensity as function of time (time
increases to the left). (a) Standard “bulk” measurement: the ensemble relaxes back to
equilibrium after an external perturbation. The relaxation time is determined from the
exponential change in the “bulk” fluorescence intensity. (b) Single molecule measurement: the
system is at equilibrium and the reversible process is followed directly from the change in
fluorescence intensity provoked by the reaction. Depending on the single molecule technique the
rate constants k, and k are determined directly from the time the system stays in each of the
two states (free, bound) or the relaxation time z; is determined from the characteristic time of
the fluorescence fluctuations.

Faster dynamics are typically observed with molecules which diffuse freely through a very
small open detection volume defined by the focus of an epi-illuminated confocal microscope
(see Figure 5). During the transit through the sample volume the fluorophore is repeatedly
excited and the change in fluorescence intensity due to the reversible reaction is detected.
Here the dynamic range is limited by the fluorescence lifetime of some nanoseconds of the dye
itself and the mean transit time of the fluorophore through the sample volume, typically in
the millisecond range. The fluorescence intensity fluctuations can be analyzed by different
techniques, and we will present in the following Fluorescence Correlation Spectroscopy (FCS)
as one of the most widely used.
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For all Single Molecule Fluorescence techniques several conditions have to be fulfilled. One
needs very bright and photostable dyes, very efficient excitation and detection setups, very
low dye concentrations and highly purified solvents and solutes. In order to observe the
dynamics one also relies on a highly fluorescent probe molecule which undergoes some change

in its photophysical properties during the association/dissociation process.
4. Fluorescence Correlation Spectroscopy.
4.1. Principles.

FCS analyzes the spontaneous temporal fluctuations of the fluorescence intensity emitted by
a few (1-10) molecules in a small open sample volume. These intensity fluctuations may be
due to various processes at the molecular level: changes in the singlet or triplet excited-state
population, changes in the local concentration due to translational motion of the fluorophores
in and out of the sample volume or changes in their physicochemical properties, for example
due to a chemical reaction or, as in our case, supramolecular association. Each of these
processes modulates the fluorescence intensity at a characteristic timescale which can in
principle be derived from the autocorrelation function of the intensity trace. Several excellent

11-15]

reviews,! monographs,”!* and textbooks??! present FCS theory for different

applications. We will point out briefly the most important aspects.
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Figure 5. Principles of Fluorescence Correlation Spectroscopy. Left panel: epi-illuminated
confocal microscope used to create a microscopic sample volume. Right panel: scheme of the
data analysis. (a,b) The blue dashed circles indicate the border of the sample volume. The
yellow dots represent dye molecules undergoing a reversible association (a), and moving
randomly through the solution due to brownian motion (b). Detected fluorescence intensity (c),
and autocorrelation function of the intensity fluctuations (d).
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In FCS the molecules under study diffuse freely freely within a small sample droplet and
eventually pass through the focus of a confocal epi-illuminated fluorescence microscope
(Figure 5, left). The focus defines an open microscopic effective detection volume of some
femtoliter (10" liter). If the concentration of the dye molecules in the droplet is low
(nanomolar, 10° mol/liter) then only very few molecules are observed at a time. The
molecules are excited by laser light through the microscope objective and their fluorescence is
collected by the same objective and focused through a pinhole and filters onto detectors with
single photon sensitivity. The molecules move randomly through the solution due to
brownian motion (Figure 5, b) and at the same time undergo a fast reversible reaction
(Fig. 5, a). Both processes introduce fluctuations at characteristic time scales in the detected
total fluorescence intensity F(t) (Figure 5, c¢). The characteristic time of the fluctuations is
determined from the autocorrelation curve G(f) of the intensity fluctuations 3F(¢)
(Fig. 5, d).BY

(O6F(t) 6F(t + 1))
S I GIE W

Under the conditions discussed in the following sections the full correlation function for
translational diffusion and a fast reversible (association) reaction is given by eq. 5 with the
mean diffusion (transit) time 7, the mean number of fluorescent molecules in the sample
volume N, the ratio between radial and axial radii of the sample volume w,,/w, and the

amplitude A of the reaction term.

on® = (1+2) (14 (2) 2) " agers )

4.2. Translational Diffusion.

On the millisecond time scale the observed fluorescence intensity depends on the number of
dye molecules present in the open sample volume, a number which fluctuates due to the entry
and exit of dyes under Brownian motion. The characteristic time of these fluctuations reflects
the mean transit (or diffusion) time 7, of the fluorescent species through the sample volume,
which depends on the translational diffusion coefficient of the fluorophore and on the size of
the sample volume. A calibration of this size with a reference dye allows one then to
determine the diffusion coefficient of the fluorophore from measurements of z,. The
translational diffusion coefficient D is inversely proportional to the diffusion time 7, according
to eq. 6, with w,, being the radial radius of the sample volume. The diffusion coefficient D is
also related to the hydrodynamic radius R, as given for homogeneous spheres by the
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Stokes-Einstein relation on the right hand in eq. 6, where & is the Boltzmann constant and

71 the viscosity of the solvent.

_a)_,%y_ kT

= = 6
4t, 6MNRy, (6)

The amplitude of the correlation function (eq. 5) is inversely proportional to the number of
fluorophores in the detection volume (N), which is a peculiarity of the technique: the lower
the concentration of dye the higher the amplitude of the fluctuations and, consequently, of
the correlation function.

4.3. Binding Equilibrium Constant.

The diffusion coefficient of a fluorescent guest decreases when it binds to a host. The
association of the guest to the host introduces a variation in the observed diffusion coefficient
(or diffusion time) of the guest which depends on the third root of the molar mass ratio, as

given by eq. 7 for homogeneous compact spheres.

Dye 7t _ Rng 3| Mg

Dg  Tug Rnue My

(7)

FCS is used here for binding dynamics that are much faster than the mean diffusion time of
the fluorophore through the detection volume (fast exchange). In this case the fluorescent
guests will associate and dissociate many times during their transit, changing rapidly between
free (G) and bound (HG) state. The observed mean diffusion time 7, depends then on the
fraction of the time that the fluorescent guests spent in the free or in the bound state. This
can be expressed by the number-weighted mean diffusion coefficient D obtained from the
individual coefficients Dy and Dyg of free and bound dye and the number fractions
X.= N, /(Ng+Nyg) as given in eq. 8.

Tp = — 5 = XGDG + XHGDHG (8)

In the case of the equilibrium of Fig. 1 and eq. 1 the fractions can be expressed by the
equilibrium constant K and the host concentration [H], which leads to eq. 9.
_ 76 (1+ K [H]o)

= ([HD) =
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Titrations of this mean diffusion time at different host concentrations [H], allows one to
determine the binding equilibrium constant K and the limiting diffusion coefficients of free
and bound guest.!

The binding equilibrium constant K can be determined solely from the change in the
hydrodynamic properties of the guest upon complexation. For the determination of K it is
therefore not necessary (but allowed) that the fluorophore changes its brightness during the
binding. This makes it possible to study nonfluorescent hosts labelled with a fluorophore
which does not need to interact itself with the host. This is an advantage of FCS over other
fluorescence techniques which rely on a significant change of some fluorescence properties of
the guest in order to detect its binding.

An example is the inclusion of the nonfluorescent guest adamantane by BCD.?? The
fluorescent label (Alexa 488) attached to the adamantane presents no change in its
fluorescent properties due to the inclusion of the adamantane moiety by BCD. The inclusion
equilibrium is therefore not easily accessible by standard fluorescence techniques. A FCS
titration, however, shows immediately a systematic increase of the diffusion time of the
fluorescently labelled adamantane (Mg= 826 g mol') on the addition of BCD
(My = 1135 g mol™), as shown in Figure 6.

The experimentally determined ratio of the limiting values Dy¢/Dg = 7/ e = 0.74 coincides
perfectly with the expected value (Mg/Myc)”*= (0.422)°=0.75 (seeeq. 7).?? The
equilibrium constant obtained from these FCS titrations is in good agreement with that
obtained by other techniques.

In order to follow with FCS the relatively small variations in the diffusion coefficient D/ D
observed with small hosts such as cyclodextrins great care has to be taken during the
experiments and artifacts introduced by triplet state population, saturation and
photobleaching, background signal, variation in solvent viscosity, sample temperature and
deformations of the effective detection volume (due, for example, to very small variations in
the cover slide thickness) have to be taken into account.?**!

For an accurate determination of the binding equilibrium constant it is very important to
make sure that the observed diffusion time is not affected by saturation and photobleaching
of the fluorophore due to too high excitation irradiance. The diffusion time has to be
independent of the excitation power, both at zero and at high host concentrations, which has
to be checked experimentally for each host-guest combination. Too high irradiance shortens
the observed diffusion time as a function of the host concentration and leads to strongly
erroneous results for the equilibrium constant.
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Figure 6. Inclusion equilibrium between BCD and adamantane labeled with Alexa 488 dye
studied by FCS. Main panel: the diffusion term of the correlation curves shifts to longer times
on the addition of increasing amounts of BCD due to the increase in the mean diffusion time 7p
of the guest. Inset: Plot of 7p versus [BCD], (note the logarithmic concentration scale). Fitting of
7o with eq. 9 yields the high equilibrium constant K = (52 & 2) 10° M.

4.4. Binding Dynamics.

Binding dynamics can be observed when the fluorescence brightness of the guest changes
between its free and bound states. Binding leads then to fluorescence blinking which can be
analysed by FCS. To be detectable in FCS the blinking must be much faster than the transit
through the sample volume, that is the relaxation time z; of the binding process (eq. 2) must
be shorter than the diffusion time 7, (fast exchange). The fluorescence intensity fluctuations
due to the binding dynamics introduce then an additional term in the correlation function
(eq. 5) at the relaxation time 7, with an amplitude A, which depends strongly on the
brightness ratio ¢ = Qug/ @ of bound and free fluorophore (Figure 7, insets 7, and Ay).
Again both 7; and A, can be expressed as function of the host concentration and the binding
constant as given in eq. 10 and 11.°

= ([H]) = (k_(1 + K[H])) (10)
K[H]o(1 — q)?
ACETITING )

The amplitude of the reaction term Ay, is zero both at very low and at very high host
concentrations when the guest is either totally free or fully bound (see Figure 7). The highest
amplitude Aj is reached at a host concentration [H],,..= (K ¢)"' which depends on the
brightness ratio ¢. Fluorophores which increase strongly their brightness upon binding make
it possible to detect the dynamics already at a very small degree of binding (low host

concentrations) and at relatively long relaxation times.’
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1E-6 1E-4 0.01 1
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Figure 7. Main panel: Correlation curves from simulated FCS experiments (eq. 5) of an
inclusion equilibrium as depicted in Figure 5. Thick blue line: free guest, [H],= 0. Thin grey
lines: intermediate host concentrations. Dashed red line: highest host concentration
[H], = 12 mM. Insets: Dependence of the amplitude of the relaxation term A, of the relaxation
time 7, and of the mean diffusion time 7, on [H],. (Parameters used for simulation: N =1,
7o = 0.25ms, g = 0.6 ms, ¢ = 0.5, K = 2000 M}, k, = 10° M s, k=5 10° s1).

From fits of the corresponding correlation function (eq. 5, 9, 10 and 11) to the experimental
correlation curves one determines both the equilibrium constant K and the dissociation rate
constant k. From eq. 1 also the association rate constant k, is obtained.?

Complications may arise when additional terms appear in the correlation curves, mainly due
to excited-state dynamics of the fluorophore. Transitions in and out of the dark triplet state
of the fluorophore introduce fluorescence fluctuations with the triplet lifetime of some

26

microseconds.” The population of the triplet state is strongly dependent on the excitation

power and can in principle be reduced working at low irradiance.
5. Influence of Host-Guest Geometry on the Dynamics.

In order to study the influence of the geometry of host and guest on the binding dynamics we
studied two parent cyclodextrins, BCD and yCD, and two analogous guest molecules,
pyronine Y (PY) and pyronine B (PB), which have the same xanthene skeleton but methyl
and ethyl substituents, respectively, at the amino side groups (Figure 8).

Electronic absorption and fluorescence spectroscopic studies showed that in all cases 1:1
pyronine:CD complexes are formed, although also 2:1 complexes with yCD are observed for
both pyronines at dye concentrations much higher than those used in FCS.?"*) The values of
the (1:1) association equilibrium constants, K, differ significantly between the four host-guest
combinations (Table 1). In contrast to what may be expected, for each type of CD the
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binding constant is larger with PB than with PY in spite of the bulkier side groups of PB.
Moreover, larger association equilibrium constants are obtained for the CD of smaller cavity.

1.5 nm 1.7 nm

CH30H2 CHQCHg

CH;CHa

Figure 8. Geometry of BCD and yCD. Structures of the dyes PY, PB, and R123.

The pure emission spectra of free and bound dyes allow one to estimate the brightness ratio ¢
as given in Table 1. In the systems studied here, the brightness of the dyes decrease
significantly when they are bound to the hosts.

As an example Figure 9 shows a series of correlation curves obtained in titration experiments
of PY with BCD. Due to the fast exchange of the pyronine guest in and out of the CD
complex only a single diffusion term with a mean diffusion time, 7, is observed which
increases as the host concentration is increased (compare insets 7, in Figure 7 and Figure 9).
The second term in the correlation curves due to the association/dissociation dynamics is
described by the relaxation time, z;, and an amplitude Ay that varies with the concentration
of the host as expected (compare insets 7; in Figure 7 and Figure 9). In all cases it has to be
checked that the relaxation time is in fact much shorter than the diffusion time, in order to
allow for the separation of the two terms in the correlation function. The small contribution
of the triplet-state formation to the correlation curves which appears at about the same
correlation time as the reaction term must also be taken into account in the analysis.

Global target analysis of the FCS curves as a function of host concentration with the
correlation function as given in eq. 5 yields the association/dissociation rate constants.’ The
results of the fits for the systems under study are shown in Table 1. In most cases the value
of K obtained from bulk fluorescence and absorption titrations was fixed in the fits of the
correlation curves, in order to improve the accuracy of other fit parameters such as k. For
the system PY:yCD it was not possible to determine the association and dissociation rate
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constants since the reaction term appears at too short correlation times overlapping with the

fluorescence lifetime of PY.

Table 1. Results from Global target fits of series of FCS curves and derived values as explained

in the text.? 4

PB:BCD PY:CD PB:xyCD PY:yCD R123:TX100
K/ 10° M?! 2.1+02 040 +0.04 0.194+0.03 0.04 + 0.01 65 + 3
q 0494 0.04 06+0.2 0.67+0.02 0.34+002 0424+ 0.03
7, / ms 0.30 + 0.02 0.25 +0.02 0.27 +£0.02 0.23 +0.02 0.263 4+ 0.002
7 / s 0.40 + 0.04 0.45+0.06 0.46 +0.05 0.41 +0.05 1.66 + 0.05
k. /10°M's' 0.15+£0.05 02401 056+ 0.11 > 1 4+1
k_/10's! 7.6 + 2.7 50 + 30 300 + 30 - 22 +1
ky /10°M's?! 77405 80+05 80405 84403 16 +1
kg /108! 20+01 26+02 21402 27401  0.11+0.01
k, /10°s? 0.04 + 0.01 0.07 +0.03 0.16 + 0.03 - -
k., /10's? 7T £2.7 50 +30 320 £ 100 - -
Dy /10"m?*s?  48+04 58+04 48+04 58404 4.3+ 0.4
Dye / 10"m?*s? 36404 32403 31+04 35+04 0.7 0.1
Ry/ Rge(A)  51/68 42/17.6 51/78 42 /70 5.7 / 36
Mo/ M, e
g (Da) ' 324 /1459 267 / 1402 324 /1621 267 / 1564 381 / 95000

The diffusion coefficients D and all derived values were recalculated for a new reference value for Rhodamine 6G,

Dipe(25°C) = (4.0 £ 0.3) 10" m*s".* * The uncertainties represent one standard deviation as given by the fits and do not
include the uncertainty in the reference value. All values given for 25°C. The molar mass does not include that of the
counterions of the charged dyes.

From the hydrodynamic properties of host and guest the collision rate constants k,; for a
purely diffusion-controlled association process between two species can be estimated applying
the Smoluchowski equation (eq. 12) as given in Table 1.

kd =47 (DG + DH) (RG + RH) NO (12)
(Dg, R and Dy, Ry are diffusion coefficients and hydrodynamic radii of guest G and host H,
respectively, and N is the Avogadro constant.) This diffusion limited rate constant &, will be
compared later with the rate constant k, of association between guest and host determined
from the same FCS data. It is clearly an advantage of FCS to yield in the same measurement

information about both diffusional and association dynamics.
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Figure 9. Main panel: Experimental normalized correlation curves of PY in aqueous solution
with increasing BCD concentrations. Insets: Variation of the mean diffusion time 7, the
relaxation time T, and the amplitude of the reaction term Ay with the concentration of fCD as
determined from individual fits of eq. 5.7

Binding Dynamics of “Hard” and “Soft” Cages.

The rate constants k. of association of the guests PY and PB to BCD are both similar with a
very high value of about k, = 0.2 10° M's' (Table 1). This is, however, still about 40 times
lower than the estimated collision rate constant k; = 8 109 M's!, with which host and guest
collide due to Brownian motion in the solvent (eq.12, Table 1). The overall association
(inclusion) is thus much slower than expected for a diffusion-controlled process. This can be
understood on the basis of a two step process (see Figure 10, a).! First host and guest collide
with rate constant k; and form an encounter complex within a common solvent cage. If no
specific interactions are assumed a lifetime of the encounter complex of about 1 ns can be
estimated. During this lifetime host and guest collide of the order of 100 times changing
randomly their relative orientation. In most cases they separate again with rate constant &,
without inclusion. Depending on the geometrical requirements for the inclusion of the guest
into the host a small fraction of the relative orientations may be favourable so that inclusion
can occur with a rate constant of inclusion, k. The overall association rate is thus mostly

controlled by this inclusion step.
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binding

Figure 10. Two step mechanism for supramolecular association involving the formation of an
encounter complex, for a “hard” cage (cyclodextrin) (a) and a “soft” cage (micelles) (b).

Both guests, PY and PB, have similar association rate constants in spite of their different
side groups. On one hand, simulations indicate that the side groups may not change
significantly the critical dimension which determines the probability to enter the BCD
cavity” and, on the other hand, the high flexibility of the CD molecule probably allows for
an induced fit compensating part of the difference in the guest geometry.?!

Another interesting result is the fact that the difference in the stability of these inclusion
complexes is determined by their dissociation and not by the association process. The
dissociation rate constants of PY and PB with BCD (Table 1) differ in about one order of
magnitude, reflecting the stronger interaction of PB than PY with the interior of the BCD
cavity, as already proposed on the basis of “bulk” fluorescence studies.*?

What happens if we increase the size of the host cavity? The data for the inclusion of PY and
PB by yCD, a host with a 20 % bigger diameter of its cavity, show that the association rate
constant, k,, of the PB:yCD complex is about four times higher than in the case of PB:BCD
(Tablel). The wider yCD cavity increases the fraction of favourable relative orientations
which lead to an inclusion, although the association process is still not diffusion controlled.

However, the wider cavity weakens also the specific interactions between host and included
guest resulting in a strongly increased dissociation rate constant. The overall stability of the
pyronine/yCD complexes is therefore much lower than that of the pyronine/BCD complexes.

What do we expect for hosts without geometric restrictions? Micelles are themselves highly
dynamic supramolecular self-assemblies of surfactants. Dyes such as the xanthene dye,
rhodamine 123 (R123) exchange dynamically between the aqueous and the micellar
pseudophase in a process similar to the inclusion described before. But, as opposed to the
cyclodextrins, the micelle presents no geometric restrictions for the association of the dye,
they act as “soft” hosts.
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R123 is a typical probe for FCS, and is very suitable for dynamic studies in micellar systems
since it presents a partition equilibrium between the aqueous phase and the micellar
pseudophase formed by neutral micelles such as those formed by the aggregation of a
well-known non-ionic surfactant, Triton X-100 (TX100) (Figure 8).* 3 3% The 1:1 binding
equilibrium constant for the partition equilibrium of the R123 with TX100 micelles is given in
Table 1. Due to the low dye concentrations an occupancy number of more than one dye
molecule per micelle is negligible.

A strong change in the brightness of R123 during the association process to TX100 micelles
makes it possible to follow the association dynamics with FCS as described before
(Table 1).1 23 As expected, the rate constant of the association of R123 to a TX100 micelle
is as fast as the diffusion controlled collision rate constant itself: k, ~ k;~ 1510°M's™. This
shows that the association is diffusion controlled, in accordance with the picture of an
unspecific association without orientational or geometrical requirements (see Figure 10, b). In
this sense, the micelles may be seen as “soft” cages, as opposed to the cyclodextrin “hard”
cages, which, although highly flexible, impose orientational restrictions to the inclusion.
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Exchange-Dynamics of a Neutral Hydrophobic Dye
in Micellar Solutions studied by
Fluorescence Correlation Spectroscopy

Jorge Bordello, Mercedes Novo and Wajih Al-Soufi

Journal of Colloid and Interface Science (2010), 345(2), 369-376.

Abstract: The dynamics of the exchange of the moderately hydrophobic neutral dye
Coumarine 152 between the aqueous phase and the phase formed by neutral Triton X-100
micelles is studied by Fluorescence Correlation Spectroscopy. The changes in the
photophysical properties of the dye in presence of the micelles are discussed. The low
quantum yield, the low saturation threshold and the necessary high energetic excitation of this
dye requires a careful selection of the experimental conditions in order to obtain dynamic and
diffusional properties with reasonable precision. It is shown that the contrast between the
brightness of free and bound dye has a strong influence on the sensitivity of the FCS
experiment. The entry rate constant of the dye to the micelles, k,=(0.8+0.8) 10" M's?, is
very near to the diffusion controlled limit. The high association equilibrium constant of
K=(129+3) 10° M" is mainly determined by the low exit rate constant, k =(0.6+0.2) 10° s™.

1. Introduction.

Micelles are highly cooperative, dynamically organized molecular assemblies, stabilized mainly
by hydrophobic interactions. Both surfactants and solubilized molecules are constantly
exchanged between the micelles and the surrounding aqueous solution. The study of the
dynamics of the exchange processes of solubilizates and surfactant molecules is of critical
importance for the characterization of a micellar system and also essential for a more detailed
theoretical understanding of their formation.! Micellar exchange dynamics have significant
influence on the performance of a given surfactant solution in technological processes, such as

detergency, foaming, solubilisation, emulsification or wetting.?

Recently we have shown how the typically very fast dye exchange dynamics can be
conveniently studied with fluorescence correlation spectroscopy (FCS), using micelles as
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membrane mimetic systems and a typical mitochondrial fluorescence marker, Rhodamine 123
(R123), as probe.’¥ We also demonstrated the advantages of FCS to determine the
association /dissociation rate constants of fluorescent dyes with cyclodextrins.

FCS is a fluctuation correlation method that extracts information about the dynamics of
molecular processes from the small changes in molecular concentration or chemical states that
arise from spontaneous fluctuations around equilibrium. Therefore FCS yields direct
information about the dynamics of a fluorescent probe without the need for external
disturbances. FCS allows one to study dynamic and photophysical processes that take place
in a wide time scale in one and the same experiment. FCS is a single molecule technique,
using very small sample volumes determined by a confocal setup and nanomolar fluorophore
concentrations. !

Fluorophores used in FCS are typically very bright and highly photostable dyes, such as
Rhodamines or other Xanthene derivatives. Unfortunately, most of these dyes are charged
molecules. This complicates the systematic study of the interaction of a hydrophobic dye with
different micellar systems, many of the surfactants being themselves ionic species. The
resulting strong electrostatic interactions between a charged dye, ionic surfactant and the
counterions present in solution mask the weaker hydrophobic forces which control the
exchange of neutral guests. A charged dye is not a good probe for the study of matter
exchange in ionic micelles, except in the case that the electrostatic interactions themselves are
the main interest.

Looking for neutral fluorophores one finds that most of them have less adequate properties
for FCS. They typically present a lower brightness, worse photostability and mostly need an
excitation at lower wavelength with the resulting increase in background signal. The use of
these dyes requires a very careful selection of the experimental conditions. On the other hand
some of these dyes compensate these disadvantages at least partially by the fact that they
show a strong increase in their brightness upon association to a micelle (see Figure 3), just
opposite to the behaviour of typical FCS dyes. This is a big advantage as we will show in this
contribution. It makes it much easier to detect even small amounts of associated dye and
allows one to study the dynamics of the association at low surfactant concentration and in a
time interval better accessible to standard FCS equipment.

As a representative example for this type of neutral hydrophobic probes we use coumarine
152 (C152). C152 partitions between the micellar pseudo-phase and the aqueous solution.
7-aminocoumarines have relatively low fluorescence quantum yields in aqueous solution and a
poor photostability.® In addition, coumarines need a more energetic excitation at shorter
wavelengths, which also excites more fluorescent impurities. However, in spite of these
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drawbacks, the neutral coumarines have certain advantages which make them interesting for
the study presented here. They are characterized by two excited singlet states, an
intramolecular charge transfer state (ICT) and a twisted intramolecular charge transfer state
(TICT).” Tt is known that the ICT states in 7-aminocoumarins are highly fluorescent whereas
their TICT states are non fluorescent.'*'? In the nonpolar and restrictive environment of
micelles the formation of TICT states is suppressed, resulting in an appreciable enhancement
and blue shift of the fluorescence of the dye within the micellar pseudo-phase (bound dye) as
compared to that of the dye in the aqueous phase (free dye). The result is a strong increase in
the detected molecular brightness of the 7-aminocoumarins as they associate to a micelle."’
Additionally, coumarines generally show a much higher Stokes Shift than for example
rhodamines, which make it easier to separate the dye fluorescence from the Raman signal of
the excitation laser light.

We use the neutral surfactant Triton X-100 (TX100, t-Oct-C¢H,-(OCH,CH,),OH, n=9-10,
M,=646.85 g mol "), formed by a polar polyethylene glycol chain and a hydrophobic aromatic
chain. Although this surfactant has been extensively studied, there is still some discrepancy
about its properties regarding micelle formation. Recent studies reported significant variations
of the aggregation number and the c¢mc depending on surfactant concentration, temperature
and the technique used.™'Y We use the following most cited values: critical micelle
concentration c¢me=2.6 10 mol dm® and aggregation number N,,=143."7 The choice of
these values has direct effect on the absolute values of our reported rate constants but does
not affect the overall conclusions.

We first determine quantum yields, the brightness ratio, and the partition equilibrium
constant from ensemble steady state absorption and fluorescence spectra. Then we discuss the
experimental conditions in the FCS measurements with respect to the brightness contrast,
saturation and photobleaching. Finally we present the diffusional properties and the exchange
dynamics as determined from FCS.

2. Materials and Methods.
2.1. Materials.

Coumarine 152 (see Figure 1Sa, in the Supporting Information) was purchased from
Sigma-Aldrich and used as received. The surfactant TX100 (Fluka BioChemika, see
Figure 1Sb, in the Supporting Information) was checked for fluorescence impurities and was
found to be clean enough for classical fluorescence measurements and for FCS experiments.
Water was purified with a Milli-Q system.
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2.2. Sample Preparation.

Stock aqueous solutions with concentrations of 15-35 10 mol dm™ of the surfactant TX100
were prepared. Stock solutions of C152 were prepared with 10-fold higher concentrations than
those necessary for the titrations (approximately 10%10° mol dm™ in FCS). The measuring
samples were prepared by dilution of a constant volume of the corresponding C152 stock
together with different volumes of the surfactant stock solution and addition of water to
adjust a certain total volume. The accuracy of these volumes was checked by weighing, and
concentration corrections were made. Utmost care had been taken not to contaminate the

samples with fluorescent impurities.

Due to the low solubility of C152 in water aqueous solutions of C152 for the stock were
stirred over night at room temperature and then filtered. The final concentration of C152 in
the filtered solution was then determined from its absorption at 405 nm. The molar
absorption coefficient of C152 in water at this wavelength (£29%, = 2532 + 10 mol' m?) was
once determined from the following procedure: first the molar absorption coefficient of C152
was determined in ethanol, in which C152 is well soluble (gfi¢;= 2034.3 4+ 9.0 mol”’ m?).
Then the concentration of a filtered aqueous solution of C152 of known absorbance was
obtained by evaporating the water of a given volume, redissolving it in ethanol and
measuring its absorbance in this solvent. With sé?gH the concentration and thus €1, can be

calculated.
2.3. Equipment.

Absorption spectra were measured with a Varian-Cary 300 spectrophotometer. Fluorescence
emission spectra were recorded with a Edinburgh Intruments F900 spectrofluorimeter.

The setup used for the FCS measurements has been described elsewhere.'! A 40 pL drop of
each sample was deposited on borosilicate coverslips (Menzel Glaser, NO 1 DE). The
autofluorescence of these coverslips was sufficiently suppressed in the confocal setup. The
samples were excited by the linearly polarized light of a 405 nm continuous wave laser diode
(Becker&Hickl, BDM-405-SMC, DE) which was spectrally cleaned (Semrock, Maxdiode
LDO01-405/10, US), redirected by a dichroic mirror (AHF Analysentechnik, z405 RDC, DE)
and focused into the sample by a microscope objective (Olympus, UPLSAPO 60xW /1.20,
water immersion) mounted in an inverted microscope (Olympus, IX-71). The fluorescence was
focused onto a pinhole (Thorlabs, @=50 ym, US) and then split into two beams by a
nonpolarizing beamsplitter cube (Newport, 05BC17MB.1, US). Each beam was then focused
onto an avalanche photodiode (MPD50CTC APD, &=50 pm, MPD, Italy). A band-pass filter
(HQ550/100M, AHF Analysentechnik, Tibingen, Germany) in front of the beamsplitter
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discriminated fluorescence from scattered light. The detector signals were processed and
stored by two TCSPC-modules (SPC 132, Becker & Hickl GmbH, Berlin, Germany).
Typically 20 million photons were collected for each correlation curve with count rates
between 5 and 20 kHz. All measurements were made at stabilized temperature, 25.0 £ 0.5°C.
The excitation power as measured in the focus of the microscope objective by a power meter
(Thorlabs, PM30-120, US) was typically 300 pW, corresponding to a mean irradiance of
I,/2 = P/(r w,’) =26 kW cm® assuming a Gaussian intensity distribution along the
optical axis. P is the excitation power in the sample).”

The focal area and the detection volume have been calibrated with Rhodamine B (RB) in
aqueous solutions at low irradiance. Recent PFG-NMR!™ and dual-focus FCSP
measurements of the diffusion coefficients of typical rhodamine dyes determine much higher
values than those used before in FCS. The diffusion coefficient of RB was estimated from
these references to Dyg= (4.4 +0.4) 10" m*™", yielding a radial 1/¢* radius of
@, = 0.50 pm. However, the very low absorption of RB at the excitation wavelength of
405nm may introduce systematic errors in the calibration. All diffusion coefficients are
corrected for temperature and viscosity effects and are given for 25°C.

2.4. Data Analysis.

The series of absorption and emission spectra obtained in the titrations of C152 with the
surfactant were analyzed using principal components global analysis (PCGA).2! For FCS
curves two levels of nonlinear data analysis have been applied: (1) Individual correlation
curves were fitted by a fast home-built routine that runs under LABVIEW (National
Instruments). (2) Series of correlation curves measured at different surfactant concentrations
were analyzed by global “target” analysis programmed in OriginPro 8.0 (OriginLab
Corporation, US) or in Matlab (The MathWorks, US).

3. Theory.

The necessary theory has been described in more detail elsewhere and only a brief overview
will be given here. 18

3.1. Mechanism.

When a dye is added to a surfactant solution above the c¢me, depending on the nature of the
dye, it can either associate totally with the micelles or it can partition between the aqueous
solution and the micellar pseudo-phase. In the latter case a partition equilibrium model is
considered between free dye (D;) and dye bound to the micelles (D,):
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Df+ M 2 Dy, (1)

where K is the equilibrium binding constant.'” As for any other equilibrium process,
absorption and fluorescence titrations with constant concentration of dye and varying
concentrations of micelles (i.e., surfactant) allow for the determination of the binding
constant.

The concentration of micelles [M] can be obtained from the total surfactant concentration [S]
as follows:

M] =—F—— (2)

3.2. FCS.

FCS analyzes spontaneous fluorescence intensity fluctuations that may be caused by various
processes at the molecular level.® 224 The normalized autocorrelation function G(t) of the
intensity fluctuations 3F(t) = F(t) - (F) is given by equation 3:

(8F(t) 8F(t+ 1))
S GIE ¥

The correlation function for translational diffusion Gp is given by: %

Gp(7) = %(1 + %)_1 (1 + (ww—"zy>2 %>_% (4)

A three-dimensional Gaussian distribution of the detected fluorescence is assumed with radial
and axial 1/€’ radii w,, and w,, respectively. Nis the mean number of fluorescent molecules
within the sample volume and 7, is the translational diffusion time of the molecules across
the sample volume, which is related to the translational diffusion coefficient D by:

2
_ Wxy

D (5)

_4TD
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3.3. Correlation Function for the Partition Equilibrium.

The correlation function taking into account the variation in the diffusion coefficient and in
the brightness of a dye due to a chemical equilibrium reaction has been described
previously.”) The partition equilibrium (eq. 1) between free and bound dye is treated as a
reversible chemical reaction with (partition) binding equilibrium constant K = k,_/k defined
by the entry (association) (k,) and exit (dissociation) (k) rate constants.

Under conditions where the micelle concentration [M] is always much higher than that of the
dye, this concentration coincides with the initial micelle concentration [M], ([DJ<«<[M]~[M],),
and the reaction is pseudo-first-order with the relaxation (“reaction”) time z; given by:

tr = (ks [H]p + k)71 (6)

Applying the assumption that the relaxation time of the reaction is much shorter than the
typical diffusion times of free, 7, and bound dye, 7, (i.e. fast exchange, 7 < 7, 7, the
following correlation function for the diffusion and equilibrium reaction is obtained:

1
Gpr(7) = 1+ _i>_1 (1 + (wxy>2;> i (1+ Ag e™/™) (7)

1
Ny + Ny, ( D w,/ Tp

where the diffusion term is defined by a mean diffusion time 7, and an amplitude that
depends on the mean numbers N; and N, of free and bound dye molecules in the sample
volume. The reaction term has a relative amplitude Ay and a correlation time given by the

reaction time zy.

The parameters 7, 7z, and Ay can be expressed directly as function of [M], and K:
- _u(l+ K[M]o)
W v ®)
1+ T K[M],
-1
g = (k_(1+K[M]y)) (9)

_ N¢ Ny (Qf — Qp)? _ K[M]o(1 — g)?
R7(Q Ni+ Qu Np)2 (1 +qK[M],)?

(10)

The reaction amplitude, Ay, depends on the brightness ratio ¢ = @, /@Q; of free and bound
guest. The species-dependent brightness is defined by the product of the extinction

coefficients, fluorescence quantum yield and detection efficiency Qx = & @ayx 9y
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It is interesting to analyse the amplitude of the correlation function Gpy (eq. 7) at different
correlation times. At very short times 7 « 7z the amplitude is exactly that of two non-
interacting species weighted by their fractional intensities, as shown in eq. 11. At these short
times the dye exchange is frozen and the two species, free and bound dye, contribute
independently to the total intensity.

Q¢”Ne + Qu° Ny _( Q¢N¢ )2 1 +( Qb Ny )2 1 (11)

1
Gpr(0) = ——— (1 + Ap) = - Sl (S o N
or(0) Nt + Ny RO (QeNe + QuNp)?2 — \QeNe + QuNy/ Np * \QiNt + QuNy/ Ny

However, at an intermediate time range typical for the diffusion through the sample volume
the fast exchange of the dye between free and bound states smears out their properties and
the dye appears as one single diffusive species with a mean brightness and a mean diffusion
time 7, (eq. 8). Therefore, as long as the exchange is much faster than the diffusion, 7; < 7,
only a single diffusional term is observed with an amplitude given by the inverse of the total
number of dye molecules Gpp(m K 7K 7)) = (N;+ N,) ', independent of the individual
brightness, just as expected for the single (mean) species.

3.4. Brightness Ratio.

We will analyze more generally the influence of the ratio between the brightness of free and
bound dye, ¢ = @,/ @, on the sensitivity of the FCS measurement to the dynamics of the dye
exchange. The observations are also valid for other similar reversible reactions and other
hosts. As explained before, the rate constants of the reaction are determined from series of
reaction times, 7 (eq. 6), which in turn are estimated from fits of eq. 7 to series of FCS
curves in a titration experiment with varying micelle concentrations. The reaction times are
best determined from reaction terms which both have high amplitudes Ay and appear at long
correlation times. The advantage of a high amplitude is directly the increase in the signal to
noise ratio. Longer reaction times shift the reaction term away from the limited time
resolution of the FCS equipment and towards regions of the correlation curve with lower
noise. An upper limit for the value of the reaction time z; that can be conveniently
determined is imposed by the assumptions of a fast exchange (7; < 7)) in eq. 7.

The dependence of the amplitude of the reaction term A on the micelle concentration, eq.
10, is illustrated in Figure 1 and Figure 2S for different values of the brightness ratio ¢. For
convenience both the concentration ratio K [M],= N,/N; (upper nonlinear scale) and the
molar fraction of bound dye (X, = K [M],/(14+K [M],) (lower linear scale) are given as scales.
The linear dependence of the reaction time 7z & = 1-X, = (1+K [M],) ' (eq. 9) on the fraction
of bound dye is also indicated in the figure (grey dashed line).
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Figure 1: Reaction amplitude, Ay, at different brightness ratios, ¢, (left-hand scale, black
curves) and the dimensionless product between reaction time and exit rate constant, (7 k)
(right-hand scale, grey dashed line), versus the molar fraction of bound dye, X, (bottom scale),
or the concentration ratio X [M],=N,/N; (upper nonlinear scale).

The micelle concentration [M],.. and the molar fraction X .. at which the reaction term
amplitude Ap reaches its maximum, as well as the value of the maximum itself, Ag ..
depend only on the brightness ratio ¢ (see Figure 3S in the Supporting Information):

1 (1 =-9? (Qr—Qp)?

1
KM =—; X, =— A = =
[ ]O,max q b,max 1+ q R,max 4 q 4 Qf Qb

(12)

The reaction time which corresponds to this maximum amplitude is given by equation 13.

1 ¢

TRmax — k__ m (13)

High amplitudes Ay are obtained for high brightness contrasts, that is both for ¢ » 1 and
q < 1. However, in the case of dyes with lower brightness in the bound state, ¢ < 1 (¢ = 0.5
and ¢ = 0.25 in Figure 1 and Figure 2S), high micelle concentrations (K [M],> 1, X, > 0.5)
are necessary to achieve a significant increase in the reaction amplitude. In the case of dye-
surfactant systems with low binding constants K the necessary micelle concentrations can be
very high, exceeding many times the cmc of the surfactant. This has several drawbacks: (1)
surfactant solutions are difficult to purify and usually introduce some residual fluorescent
impurities. Adding millimolar concentrations of surfactant to nanomolar concentrations of
dye can be a serious problem in FCS measurements. (2) at high surfactant concentrations the
properties of the micelles, such as size, form or aggregation number may change. (3) the
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reaction terms with high amplitudes correspond to short reaction times, z;, (see equation 9
and dotted line in Figure 1), with the mentioned disadvantages.

These problems are reduced by dyes which show an increase in their brightness upon binding,
that is that have high values of ¢ > 1 (¢ =2 and ¢ = 4 in Figure 1 and Figure 2S). In this
case the reaction amplitude increases strongly already at low micelle concentrations and
reaches its maximum at low fractions of bound dye (K [M],< 1, X, < 0.5). Comparing two
cases of the same 1:4 contrast, for ¢ = 0.25 the maximum of the amplitude is reached at
K [M],= 4, whereas with ¢ = 4 already at K [M],= 1/4, that is a sixteen times lower micelle
concentration (note the nonlinear upper scale of K [M], in Figure 1). Thus for this type of
dyes only very small micelle concentrations are necessary for the determination of the
reaction term, which in turn appears at longer reaction times, easier to resolve with typical
FCS equipment.

0.8
------ 0.7
0.6

[ standard FCS
- equipment

lus
VRN

TR.max

Figure 2: Left scale and black lines: reaction time at the reaction amplitude maximum, z; ..
versus the brightness ratio, ¢, for different exit rate constants k. Right scale and grey dotted
curve: the dimensionless product of reaction time at the reaction amplitude maximum and exit
rate constant (7. k) versus brightness ratio, ¢. The grey area indicates approximately the
range of reaction times which can be determined with standard FCS equipment.

Summarizing, Figure 2 represents the dependence of the reaction time at the reaction
amplitude maximum, 7y ,,.., (eq. 13) on the brightness ratio for different typical values of the
exit rate constant k. For an acceptable determination of the reaction dynamics from series of
FCS curves at different micelle concentrations, the FCS curves with high amplitude of the
reaction term should be well resolved. The reaction time given by z .. thus indicates the
minimum reaction time which has to be well resolved by the measurement. Due to dead-time
limitations of the counting electronics, standard commercial FCS equipment allows one to
determine reaction times down to about one microsecond (although the time resolution itself
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may be somewhat higher). This accessible reaction time interval is shown as shaded area in
Figure 2. High brightness ratios increase therefore the sensitivity and allow one to study
systems with higher exit rate constants. Depending on the exit rate constant of the system,
the brightness ratio may be decisive for the accessibility of the reaction dynamics by a given
FCS equipment.

4. Results and Discussion.
4.1. Partition Equilibrium.

Absorption and fluorescence titration measurements were registered in aqueous solution at a
constant concentration of C152 but different concentrations of TX100. Fluorescence emission
spectra (Figure 3) of C152 showed no changes after addition of surfactant at concentrations
smaller than the cmec of TX100. On the contrary, at higher surfactant concentrations,
systematic spectral variations were observed: a significant blue shift and a huge increase in
intensity.

The dependence observed indicates a partition equilibrium of C152 between the aqueous
solution and the micellar pseudo-phase with an equilibrium binding constant K (eq. 1). Under
the experimental conditions used (fixed dye concentration and excess of micelles compared to
total dye concentration) and in the absence of excited-state association/dissociation processes,
the following relation can be deduced between the fluorescence intensity (or the absorbance)
at a certain wavelength, F(A), and the concentration of micelles:

Fe(A) + F, (1) K[M],

F) ==,

(14)

where Fiy(A) and F,(A) are the limiting fluorescence intensities (or absorbances) at
wavelength A4 of the dye free in the aqueous solution and bound to the micelles, respectively.

Global non-linear analysis using PCGA to the full emission spectra of Figure 3 yield an
excellent fit and a precise value of the equilibrium binding constant (Table 1) as well as the
“pure” spectra of the two species involved, i.e., free dye and dye bound to the micelles
(Figure 4).
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Figure 3. Fluorescence emission spectra of C152 in the presence of different concentrations of
TX100 in aqueous solution ([C152] =1.98 107 mol dm™®, A, = 405nm). Inset: Fluorescence
intensities of C152 at two wavelengths (505 nm and 525 nm) versus micelle concentration of
TX100 (logarithmic scale). Symbols represent experimental data and lines fitted curves of eq.14
with the parameters given in the text obtained from a global fit at all measured wavelengths.
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Figure 4. “Pure" absorption and fluorescence emission spectra of C152 in aqueous solution
(gray lines), and bound to TX100 micelles (black lines) obtained as described in the text. Also
indicated are the excitation wavelength (4., = 405 nm), the Raman band and the range of
emission wavelength detected (4,,) in the FCS measurements as determined by the band-pass
filter used (CWL=>550nm, FWHM=100nm).
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As compared to the values obtained with R123, the binding constant K of the C152/TX100
system is approximately twice as high (see Table 1). This may be because C152 is a neutral
dye whereas R123 has a positive charge, so C152 would have a higher affinity to the apolar
micellar pseudo-phase.

Absorption titration data are not shown here, since the spectral change with TX100
concentration is much smaller than that observed in emission. The quantitative analysis of
these small changes in absorption is complicated due to several reasons: (1) TX100 shows a
residual absorbance that overlaps with that of C152. (2) in order to distinguish the C152
absorbance from that of TX100 relatively high C152 concentration have to be used, much
higher than in the emission measurements. Under these conditions the probability that
micelles are occupied by more than one C152 molecule (occupancy numbers above 1) is no
longer negligible. Assuming that the mean occupancy number is based on Poisson statistics,
we use the value of the constant for the 1:1 binding equilibrium determined from our emission
data to calculate the probability of double occupancy (see eq. S1 to S5 and Figure S5 in the
Supporting Information). This probability remains negligible in the concentrations range used
for emission and FCS series, but rises above 10% in the absorption measurements. Therefore,
Global fits with the 1:1 complexation model to the absorption data are not satisfactory and
we take the measurement at the highest TX100 concentration as an acceptable
approximation for the “pure” absorption spectrum of C152 bound to the micelles and use it
to estimate the quantum yield of this complex. This approximation does not affect the
determination of the brightness ratio.

Figure 4 shows the “pure” absorption and fluorescence emission spectra of free C152 in
aqueous solution and of C152 bound to the micelles of TX100. The corresponding absorption
spectra present no significant spectral shift but a higher molar absorption coefficient for
bound C152. Emission spectra show a significant intensity increase (which includes that of
the absorption at the excitation wavelength) and a small blue shift for bound C152. The ratio
between the fluorescence intensities of free and bound C152 that will be observed in FCS
measurements with a given excitation wavelength and emission filter, the brightness ratio g,
can be determined integrating the corresponding pure fluorescence emission spectra within
the limits of the emission filters (gray areas in Figure 4). The relative quantum yields ¢,/
are calculated from the same spectra but integrating the full spectral range and correcting for
the different molar absorption coefficients of the species at the excitation wavelength. The
results are given in Table 1. The boost in the brightness of C152 in the presence of TX100
micelles is determined by the increase of the molar absorption coefficient at the excitation
wavelength (405 nm) and especially of the fluorescence quantum yield. This way, the
entry/exit processes of C152 into/out of a micelle results in an effective variation (“blinking”)
of the brightness, which can be observed in FCS measurements.
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4.2. FCS Measurements.

In order to achieve optimal conditions for the determination of the dynamics of the reaction
process of a given surfactant-dye system several experimental parameters have to be
balanced: (1) a low excitation irradiance avoids saturation, photobleaching and triplet
population but may increase the measuring time unacceptably, especially in the case of dyes
with low brightness (2) a bigger confocal volume increases the diffusion time and improves
the separation between reaction and diffusion terms (7, << 7,) but also raises the background
signal and the probability of photobleaching, especially at high host concentrations (3) the
range of micelle concentrations in the titration has to be optimized both for the resolution of
the reaction term at high amplitudes Az and for the determination of the diffusional
properties of free and bound dye. In the case of a dye with ¢ > 1 it may be convenient to
separate the determination of the reaction term at low micelle concentrations (K [M], < 1)
from the titration at high concentrations (K [M],> 1) necessary for the estimation of the
diffusion time 7, of bound dye.

Table 1. Binding equilibrium constants, photophysical parameters, and properties determined
from FCS of the dye C152 bound to TX100 micelles.

C152/TX100
K /10° M 129 + 3
= Q,/Q ™ 3.8+0.2
s 0.064 4 0.003
¢, " 0.21 + 0.01
¢, /" 3.2+02
% /ms 0.122 4 0.002
7, /ms 1.22 £ 0.03
Dy /10" m*s™ 5.2+ 0.6
D, /10" m% 0.52 + 0.05
Ry, /A 4.7 +0.2
R, /A 4745
k /10° s 0.6 £0.2
k. /10" M's? 0.840.3
k, /10" M's?! 2

“ Brightness ratio estimated from em. spectra for A, =405nm and interference filter: 550/100nm.
" Fluorescence quantum yields of free C152 and C152 bound to micelles.
All values are given for 25°C

In order to determine the optimal excitation irradiance power series were measured for free
and bound C152 under the same experimental conditions as used later for the FCS curves.
Saturation and photobleaching at too high irradiance will reduce the apparent diffusion time
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and introduce therefore significant error in the determination of the diffusional properties. 25"

Figure 5 shows a double logarithmic plot of the fluorescence count rate of the dye calculated
as the difference between the fluorescence intensity detected from samples with and without
dye, versus the mean irradiance (I, / 2).
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Figure 5. Detected fluorescence intensity (filled symbols, left scale) and apparent diffusion time
(open symbols, right scale) of C125 versus mean irradiance (I,/2) at different micelle
concentrations as indicated (squares: [M],=0M, circles: [M],=0.011 mM, triangles:
[M], = 0.10 mM). The solvent signal (water or water + TX100) was measured separately and
was subtracted from the total photon count for each sample. The vertical dashed arrow indicates
the irradiance used for the FCS measurements of the reaction dynamics.

The fluorescence count rate registered from C152 in the absence of TX100 (filled black
squares in Figure 5) increases linearly at low irradiance but levels off at about 50 kW cm™
due to saturation. The addition of an intermediate concentration of TX100 micelles
(IM]y=0.011 10 mol dm™, K [M],~ 1.4) increases the registered intensity (filled black
circles) according to the expected increase in brightness of the dye. Saturation is observed at
approximately the same irradiance. At a much higher micelle concentration
([M]y= 0.10 10® mol dm™®, K [M],~ 13) the registered intensity (filled black triangles)
increases still, but levels off strongly at high irradiance due to saturation and photobleaching,
falling even below the intensity found at lower micelle concentrations. Due to the binding
equilibrium the presence of micelles increases the mean residence time of the dye in the focal
volume which leads to a higher photobleaching probability. The effect of saturation and
photobleaching is well appreciated comparing the values of the diffusion time 7, of C152
determined from FCS curves at different micelle concentrations and at increasing irradiance
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as indicated as open symbols in the same Figure 5. At zero or intermediate micelle
concentrations 7, is constant within the experimental error up to about 40 kW cm™, whereas
at high micelle concentrations already at about 30 kW cm™ a strong decrease is observed. At
high irradiance the real transit time is not observed but the time until the dye is bleached. In
order to minimize the effects of saturation and photobleaching an irradiance of about
26 kW cm? (207 uW in the sample) was chosen. This irradiance is high enough to assure
acceptable measurement times for the determination of the reaction term at intermediate
micelle concentrations and is just acceptable for the estimation of 7, at highest

concentrations.

The next step is the evaluation of the influence of the triplet reaction. For this aim FCS
correlation curves were measured at different excitation irradiances for C152 in aqueous
solution and in the presence of high TX100 concentration ([TX100] = 14.8 10" mol dm™,
[M], = 0.10 10 mol dm™, concentration ratio K [M]
depends directly on the excitation power,®? whereas the dynamics of the dye-micelle

omax © 13). The triplet-state population
association reflected in the reaction term does not depend on excitation power but changes
with the concentration of micelles (see eqs. 9 and 10). At all irradiances the curves without
TX100 need only one diffusion term for the model to fit satisfactorily. In the presence of
TX100 micelles no excitation power dependent term was found and therefore no triplet term
has been taken into account in the fits.

As pointed out before, the exchange dynamics are best determined at micelle concentrations
which lead to high amplitudes in the reaction term. In this system the maximum reaction
term  amplitude, Ap, corresponds to a very low micelle concentration of
[M] yax #0.002 107 mol dm™ (K [M] .. #0.3) as estimated from eq. 12 and the values of ¢ and
K determined from bulk measurements (Table 1) (see also Figure 6). For the titration finally
five FCS curves were measured at concentration ratios of K [M]y,..= 0, 0.3, 1.4, 2.3 and 13
as shown in Figure 6. Beside the curve at [M] .. other higher concentrations were added in
order to improve the statistics and to separate better between diffusion and reaction term in
the global fit. The curves at cero and at the highest micelle concentrations contain no
information about the reaction, but help to estimate the diffusion coefficients of free and
bound dye. For the reasons discussed before, this experiment is not optimized for the
determination of the diffusion coefficients or the equilibrium constant. These would require a
lower irradiance and a higher number of curves which cover a wide range of at micelle
concentrations. This is not the aim of this study and the values of the diffusion coefficients
given here are therefore only rough estimations.
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Figure 6. Upper panel: Normalized correlation curves of C152 in aqueous solution in the
presence of different concentrations [M], of TX100 micelles ([M], = 0 to 0.10 mM corresponding
to K [M],= 0, 0.3, 1.4, 2.3 and 13) (gray noisy lines), measured at an irradiance of 26 kW cm™.
The smooth curves are obtained from a global fit of equation 7 to the experimental data with
fitting parameters given in Table 1). All curves were normalized by multiplication by N, the
total number of molecules obtained from the fit. Inset: stacked view of the fast part of the same
FCS curves. Lower panel: corresponding weighted residuals in arbitrary units. The weighting
amplifies the residuals at long correlation times.

Global “Target” Analysis of this series of FCS curves using equation 7 lead to satisfactory
fits, as shown by the accordance of the fitted curves with the experimental data and the
randomly distributed residuals (see Figure 6). Leaving all parameters of equation 7 free in the
fits leads to a binding equilibrium constant of K = (140 + 10) 10* M}, in good concordance
with the value K = (129 + 3) 10° M determined from bulk measurements. This later value
was then kept fixed in the fits. The brightness ratio of ¢ = 2.5 obtained from these fits
coincides with that estimated directly from the total fluorescence intensities registered in the
FCS measurements, but is significantly smaller than that observed in the bulk (see Table 1).
This is probably due to the spectral responses of the FCS-detectors and to polarization
effects. The results of the fits are shown in Table 1. The entry rate constant k. is not a
direct fit parameter, but it is calculated from the binding equilibrium constant K and the exit

rate constant k..
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4.3. Diffusional Dynamics.

The diffusion times obtained from the analysis of the fluorescence correlation curves (Table 1)
are converted to diffusion coefficients using eq. 5 and then to the corresponding
hydrodynamic radii R, applying the Stokes-Einstein relation:

kT
R, =
h 6mrnD (15)

where k is the Boltzmann constant and 7 the viscosity of water (0.8905 cP at 25°C). The
values obtained are also given in Table 1.

As expected, the diffusion coefficient of bound C152 is much lower than that of free dye and
coincides well with the diffusion coefficient of empty TX100 micelles determined by Dynamic
Light Scattering (D = 0.54 10"’ m? s1)! (values from some other references are significantly
lower but they are not based on such a detailed study as in the reference cited). The presence
of a small, noncovalently bound neutral dye has no significant effect on the translational
motion of the micelles, as opposed to large fluorescent probes which perturb the micellar
structure and lead to a significant decrease of the diffusion constant.?”

A comparison to the values of D, and R, obtained for the association of R123 to TX100
micelles shows significant differences.”! This may be due to the uncertainty in the calibration
of the focal area of different FCS equipment, the use of different dyes as references, and the
general limitations of standard FCS to accurately determine absolute diffusion coefficients. "
However, these differences may also be explained by the influence of the micellar
concentration itself on the micellar self-diffusion coefficient, D,, due to changes in shape and
aggregation (N,,,) of the micelles with increasing surfactant concentration.*

4.4. Partition Dynamics.

Table 1 gives the values of the rate constants of dye entry (k) and exit (k) obtained from
the fits of the fluorescence correlation curves. Neither the entry nor the exit processes take
place during the lifetime of the excited state, since both the rate at which the coumarine

molecules enter into the micelles (k, [M]) and the exit rate (k) are, for all studied

concentrations, much lower than the fluorescence deactivation rate of C152. Lifetimes for
7-aminocoumarines range between 0.4 and 5 ns depending on the solvent, that of C152 in

water being about 2 ns.["?

The high value obtained for the entry rate constant (k) of about 10" M's™ suggests a
diffusion-controlled process for the entry of the neutral dye C152 to the TX100 micelles. The
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rate constant corresponding to a purely diffusion-controlled association process between dye
and the micelle (ky), can be roughly estimated applying the Smoluchowski equation:

kd =4r DDM RDM NO (16)

where Dp,; and Rpy are the sums of diffusion coefficients and hydrodynamic radii of the dye
(free C152) and the micelles (bound C152), respectively, and N, is the Avogadro constant.
Comparing the values of k, with that of ky ~ 2 10" M's' a good agreement is found, which
corroborates a diffusion-controlled entry rate constant (see Table 1). This behaviour of the
micelle as a “soft” supramolecular cage is similar to that found before for the entry of the
cationic dye R123 in the same micelles.”) The entry rate constant found in this study are of
the same order of magnitude as those reported for other solubilizates and different types of
micelles determined with other techniques.™ 73!

The exit rate constant k& = 6 10" s* is much lower than that found for the R123-TX100
system. It is known that the exit rate constant varies strongly with the hydrophobicity of the
solubilizate, which is higher in the case of C152. This is reflected in the much higher binding
equilibrium constant of the C152 system. Given that in both cases the entry is diffusion
limited, the overall affinity of the dyes to the micelles is mainly determined by the exit

process.
5. Conclusions.

Matter exchange is a fundamental process in colloid and interface science. Fluorescence
Correlation Spectroscopy has the potential to reveal these typically very fast exchange-
dynamics. The study of hydrophobic interactions in ionic colloidal systems requires neutral
fluorescent probes, which typically present a lower brightness, worse photostability and
mostly need an excitation at lower wavelength as compared to the charged dyes mostly used
in FCS. We have shown in this contribution that the dynamics of the (host-guest) association
of a neutral hydrophobic dye to micelles can be studied by FCS in spite of the low quantum
yield, low saturation threshold and higher energetic excitation of the dye. The careful
selection of the experimental conditions allows one to obtain the dynamic and diffusional
properties with reasonable precision. We discuss that the contrast in the brightness of free
and bound dye (brightness ratio ¢) has a strong influence on the sensitivity of the FCS
experiment to the association dynamics. A strong contrast ¢ > 1 leads to high amplitudes of
the reaction term already at low micelle concentrations.

We found again that the micelles act as a soft cage which allows a diffusion-limited entry of
the dye into the micelle.. Being the association rate constant diffusion-limited, both the
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binding equilibrium constant and the overall exchange (relaxation) rate of different micellar

systems will be determined mainly by the exit rate constant, which shows a strong

dependence on the specific interactions between dye and micelle. This leads to a broad

dynamic range of the exchange in micellar systems, which can be well covered by FCS.

The use of both neutral and charged dyes opens the way to systematic studies of the

dynamics of matter exchange in series of neutral and ionic colloidal systems and to evaluate

the role of electrostatic as compared to other weak interactions.
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Supplementary Information.

(@ | (b)

Figure 1S. Molecular structures for dye Coumarine 152 (a) and surfactant Triton X-100,
n=9-10, (b).
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Figure 2S. Simulated FCS Curves for the system TX 100 and C152 to observe the influence of
the brightness ratio. Insets: Variation in A, and 1ty versus the fraction of dye bound to TX100
micelles. Different colours correspond to different values of the fraction of dye bound to TX100
micelles: 0 (black), 0.25 (dark grey), 0.5 (grey), 0.75 (grey), 0.95 (light grey). Four different
values for ¢ were selected: 0.25, 0.4, 2 and 4.
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Figure 3S. Maximum in reaction amplitude, Ay (solid line), and corresponding fraction of
bound dye, X, dashed line), versus the brightness ratio, ¢.

max (

Study based on Poisson statistics to calculate the probability of double
occupancy (two dyes per micelle) in the different series: Absorption, Emission
and FCS.

Poisson statistics considers a random association between C152 molecules and TX 100
micelles. Using the equations S1 to S3, the probability of having empty micelles, P(0),
micelles with one C152 molecule, P(1), or micelles with two C152 molecules, P(2), can be

calculated.
P(0)=e" (S1)
P(1)=NeV (S2)
P(2) = % N-eV (S3)

N is the mean occupancy number. It is calculated from the constant for the 1:1 association
equilibrium, K, determined before from emission data and the initial C152 concentration
[C152],, by using equations S4 and S5.

N=K;[C152] (54)
_ [c152],
[C152]_1+K—1[M] (S5)
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Figure 4S. Poisson statistics. Each plot represents probabilities of having micelles with 0, 1 and
2 C152 molecules: P(0), P(1), and P(2), respectively. In each graph there are three curves
corresponding to different initial concentrations of dye: for absorption series (in black,
[C152], = 4.9 10° mol dm™), for emission series (in dark grey, [C152], = 2.0 107 mol dm™) and
for FCS titration series (in light grey, [C152], = 5.0 10 mol dm™).
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Dynamics of a DNA Minor-Groove Binder studied by FCS

1. Introduction.

The recognition of specific DNA sequences has an enormous diagnostic and clinical potential
that has promoted the development of high-affinity, sequence-specific DNA binders for the
direct sensing of double-stranded DNA (Neidle 2001; Neidle 2008).

Focusing on small molecules that bind non-covalently and reversibly to DNA, we can identify
three main types of DNA binding modes (Waring 2006): external electrostatic binding, groove
binding, and intercalation.

Intercalator

Major groove binder

Major groove

External binder

Minor groove binder
Minor groove

Bis-intercalator

Figure 1.1. Schematic of DNA binding modes.

Sequence-specific DNA-binding proteins generally bind into the major groove, while the
considerably narrower minor groove is used by the smaller ligands. Minor-groove binding
molecules with modest sequence discrimination ability are of current interest having potential
for anticancer and anti-PCP chemotherapy, in addition to a variety of human diseases
(Neidle 2001). These binders block replication and transcription of their DNA, by competition
at regulatory sites during these processes or by perturbing local DNA structure upon binding,

in a way that protein binding cannot occur.

The compounds related in structure to pentamidine have proven antimicrobial and antifungal
activity (Bell et al. 1990; Del Poeta et al. 1998), correlated with their ability to interact
strongly with the DNA minor groove in AT sequences with subsequent inhibition of one or
more DNA directed enzymes. Understanding the binding kinetics of the naturally occurring
Distamycin A with DNA have been reported as an important step toward evaluating the
potential of polyamide drugs as efficient inhibitors of intracellular processes (Baliga and
Crothers 2000a, 2000b).
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Figure 1.2. Examples of broadly studied minor groove binders.

Since DNA is not fluorescent by itself, staining of the DNA with dye molecules which exhibit
an enhanced quantum yield of fluorescence when bound to DNA represents also a field of
interest of the minor-groove DNA binders. Asymmetric cyanine dyes (Eriksson et al. 2003,
2006) or the dye Hoechst 33258 (Breusegem et al. 2002), a bis-benzimidazole derivative with
an N-methylpiperazine and a phenyl group at the ends, are useful spectroscopic probes for
DNA used in microscope imaging, electrophoresis and PCR. The dye DAPI, 4,6-diamidino-2-
phenylindole, is routinely used to quantify DNA fluorimetrically in solution (Breusegem et al.
2001, 2002).

DNA minor-groove binders are typically arch-like positively-charged molecules with high
affinity and specificity for AT-rich sequences (Neidle 2001). Several electrostatic, van der
Waals and hydrophobic factors are involved in the binding specificity for AT regions,
although their relative importance is still controversial (Neidle 2001). The minor groove is
narrower in the AT regions with close van der Waals contacts stabilizing the complex
(Laughton and Luisi 1999). Also, in these regions the minor groove is more electronegative,
when almost all minor-groove binding ligands carry cationic charge (Breusegem et al. 2001;
Wilson et al. 1990); and the surfaces of the groove walls are more hydrophobic than in
sequences of GC base pairs, due to the backbone hydrogen atoms. In addition, minor groove
at GC rich sequences is more sterically blocked by the 2-amino group in guanine (Breusegem
et al. 2001). However, according to some authors (Haq et al. 1997) the key factor to explain
this selectivity is a favorable increase in entropy upon complexation, caused by the release of
ordered water molecules from the “spine of hydration” and from a decrease in solvent-
accessible surface areas of the reactants.
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The optimization of DNA binders requires detailed kinetic and structural information that
helps to a better understanding of the binding mechanism. However, the very low dissociation
rates of high-affinity binders result in very slow binding dynamics, which is experimentally
not easily accessible. In consequence information about structural features which determine
the DNA minor-groove association dynamics is still limited (Pace and Bohne 2008; Waring
2006). Stopped-flow measurements seem to indicate that the association process is very fast
and nearly diffusion limited, which is surprising, given the high geometric constraints imposed
on the inclusion of a binder into the minor groove (Baliga and Crothers 2000; Breusegem et
al. 2002).

0" ™>""RH,
o o OH
990 s .
F N F
CO,H H,N NH,
O +H2 + H2
oG BBA
oG oG
O/\/\ N /RO O/\/\/\o/\/\”/go

H
H H H H
N N N N
H2 HZ H2 H2
+ + +

+

BBA-0OG BBA-OG-long
Figure 1.3. Molecular structures of the molecules used in this work.

In order to shed light on the association dynamics of this important class of DNA binders, we
use the BBA-OG (Figure 1.3), a novel fluorescently labeled derivative from the cationic
bis-benzamidines family of minor groove binders (Vazquez et al. 2010), where the labeling
with the negatively charged dye Oregon Green leads to a huge increase of the dissociation
rates. This makes it possible to study the binding dynamics to both high and low affinity
DNA sequences with Fluorescence Correlation Spectroscopy (FCS), which yields values for
the binding equilibrium constant, the association and dissociation rate constants, and also the
diffusion coefficients, which are necessary to estimate the diffusion-controlled rate constants
(Al-Soufi et al. 2005, 2008). To the best of our knowledge this highly sensitive single-molecule
technique has not been previously used to analyze the dynamics of DNA minor groove
binders.
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The comparison of the dynamics of the association of BBA-OG to different DNA sequences
and to DNA of a different length allows us to identify the rate-limiting step in this process
and evaluate the importance of mechanisms such as sliding or two dimensional diffusion
found for the binding of proteins to DNA (Berg and von Hippel 1985; Vuzman et al. 2010).

Also the use of a modified binder with a lengthened linker between the BBA and OG units
(BBA-OG-long) provides us information on how this factor affects the binder photophysics
and more generally how modifications in the attachment of the dye influence the DNA
binding dynamics.

2. Materials and Methods.
2.1. Sample Preparation.

All samples were prepared in buffer (Tris HCl 20 mM, NaCl 100 mM, pH=7.5). Note that
the NaCl concentration does not take into account the ions from the Tris HCI.

Stock solutions of BBA-OG and of the different DNAs were freshly prepared for each series.
BBA-OG stock solutions had 10-fold higher concentrations than those necessary for the
titrations (approximately 10~° mol dm ™ in the FCS experiments).

The measuring samples were prepared by dilution of a constant volume of the BBA-OG stock
together with different volumes of the corresponding DNA stock solution and addition of
buffer to adjust to a certain total volume. The accuracy of these volumes was checked by

weighing, and concentration corrections were made.

Series of FCS measurements at different DNA concentrations were carried out by measuring
first the sample at the highest DNA concentration, being then successively diluted by
replacing a fixed volume of sample by the same volume from a stock with the same binder
concentration but without DNA (a more detailed explanation of the procedure can be found
in the section of Practical Aspects of FCS in Chapter I).

2.2. Oligonucleotides.

Oligonucleotides were purchased lyophilized from Thermo Fisher Scientific Inc. They were
reconstituted in buffer (Tris HCI1 20 mM, NaCl 100 mM, pH=7.5) and annealed by heating to
95°C (1:1 mixture of complementary strands for the AAATTT-ds) followed by slow cooling

to room temperature.
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The concentration of DNA samples was determined by measuring the amount of UV
irradiation absorbed by the bases (Barbas et al. 2007). The number of micrograms of the
oligonucleotides was calculated from the reading at 260 nm, Abs260, using the following
conversions: 1 OD = 50 pg/mL (dsDNA) or 33 pg/mL (ssDNA). The OD refers to the
Abs260 using an optical path of 1 cm. Abs260/Abs280 ratio was checked to be always
between 1.7 and 1.8, as an indicator of purity.

Table 2.1. Sequences of the oligonulceotides used in this work.

DNA Sequence (5’ to 3°) bp
AAATTT-hp GGC AAATTT CGC TTTTT GCG AAATTT GCC 12 + loop
AATTT-hp GGCG AATTT CGC TTTTT GCG AAATT CGCC 12 + loop
GGCC-hp GGCA GGCC CAGC TTTTT GCTG GGCC TGCC 12 + loop
GCGCACTGCGTCAGCGACTGCGTCAGCGACTGCGTCAGCGAAATTTGCGC
AAATTT-ds 50

(and its complementary)

2.3. FCS Setup.

The confocal epi-illuminated setup used for the FCS measurements is similar to that
described in previous chapters and elsewhere (Granadero et al. 2010). 100 nl. samples were
deposited on a glass bottom microplate (Whatman Ltd.). The samples were excited by the
continuous linearly polarized light of a 489 nm laser diode (Becker&Hickl, BDL-485-SMC,
DE) coupled to a monomode optical fiber (Point-Source, kineFLEX-P-1-S-405-0.7, UK). The
light output of the fiber was collimated (Schéfter&Kirchhoff, 60FC-4-6,2-01-DI, DE),
spectrally cleaned (Semrock, Brightline HC 482/18, US), redirected by a dichroic mirror
(Semrock, Brightline BS R488, US) and focused into the sample by a high aperture
microscope objective (Olympus, UPLSAPO 60xW/1.20, water immersion) mounted in an
inverted microscope (Olympus, IX-71). The fluorescence was collected by the same objective
and then refocused through the dichroic mirror onto a pinhole (Thorlabs, @=50 pm, US) in
the image plane. The light passing the pinhole was collimated, then split into two beams by a
nonpolarizing beamsplitter cube (Newport, 05BC17MB.1, US) and each focused onto
avalanche photodiodes (MPD50CTC APD, @=50 pm, MPD, TItaly). Band-pass filters
(Semrock, Brightline HC 525/45, US) in front of the detectors discriminated fluorescence
from scattered laser light. Both output signals were processed and stored by TCSPC-modules
(SPC 132, Becker & Hickl GmbH, Berlin, Germany). Correlation curves were calculated with
the Single Photon Counting software by Becker & Hickl GmbH.
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Typically 20 million photons were collected for each correlation curve with count rates in the
range of 2.5 to 29 kHz, depending on the sample. All measurements were made at stabilized
temperature, 25.0 + 0.5°C. The excitation power as measured in the focus of the microscope
objective by a power meter (Thorlabs, PM30-120, US) was typically 80 pW, corresponding to
a mean irradiance of [,/2 = P/(t v, = 9 kW c¢m”, assuming a Gaussian intensity distribution
along the optical axis. P is the excitation power in the sample (Eggeling et al. 1998).

The focal area and the detection volume were calibrated with Rhodamine 123 in aqueous
solution at low irradiance yielding a radial 1/e* radius of @, = 0.53 pm. The value of
Dyigs = (4.6 + 0.4) 10" m’s* is estimated from recent PFG-NMR (Gendron et al. 2008) and
dual-focus FCS (Muller et al. 2008) data. The diffusion coefficients are given for 25°C.

2.4. Data Analysis.

Full titration series of FCS curves measured at different host concentrations were analyzed by
global “target” analysis. This global analysis adjusts a model function to the full series of
FCS curves over the full time interval including the diffusion, the triplet and the reaction
terms according to a common dynamic-equilibrium model (Al-Soufi et al. 2005; Novo et al.
2007), as given in equation 1 (see Chapters I and II for a detailed explanation).

1
1 T\1 Wey\? T 2
i _ oA N -7/TR -t/Tr 1
G() N<1+fn> (1+(wz) fD> (1+Ag e ®)(1+ Ape /™) +b (1)

In order to perform the global “target” analysis we model the [DNA]-dependent parameters
in eq. 1, such as the mean diffusion time, 7, the reaction time, 7;, and the reaction term
amplitude, Ay, as a function of [DNA], of each sample as given in the following equations:

_ 7(1+ K[DNAJ,)

L + 7L KIDNA], (2)

tr = (k_(1 + K[DNA]y)) " = (k_ + k. [DNAJo)~ (3)
_ K[DNAJ,(1 — ¢)?

R™ (1 4+ gK[DNA],)? (4)

The use of global fits reduces the number of fit parameters and, in consequence, also
parameter correlation. As given in equations 2 to 4, the three relevant fit parameters 7, 7
and Ay are determined as a function of a common fit parameter K, which is the association
equilibrium constant. This way, the value of K obtained in the fit is the one which best
describes both the diffusion and the reaction terms.
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Other fit parameters can be shared among all curves: the diffusion times of free, 7, and
bound binder, 7, the dissociation rate constant, k, the equilibrium constant, K, and the
brightness ratio between bound and free binder, ¢. The relaxation time of the triplet, 7z, and
its amplitude, A, are considered non-dependent of [DNA], and therefore are also shared
parameters. The baseline, b, and the mean number of particles in the sample volume, N, are
set as independent for each curve in order to compensate for possible impurities in the
samples (note that scattering and impurities with low fluorescence have a strong effect on N).

In order to avoid parameter correlation, the diffusion time of the free binder, 7, was fixed to
the experimental value obtained in the absence of DNA, and the diffusion time of the binder
bound to DNA, 7, was fixed to the value obtained from the diffusion coefficients of the
complexes estimated on the basis of reported experimental data (Tirado et al. 1984).

The factor (w,,/w,) is related to the sample volume geometry. It can suffer from slight
variations due to the everyday fine adjustment of the equipment. Its value is fixed to that
obtained for the calibration of the detection volume with Rhodamine 123 (see section 5.4 of
Chapter I).

A modification was added to the model for the titrations with the binder with long linker, in
order to consider the presence of a small amount of free OG488 in the stock of binder as a
result of an incomplete purification after the synthesis. The new model considers the
contribution of this free OG488 as an impurity.

G() =761 (1) + (1 =7) Gimp(7)

1
1 T\ 1 w 2T 2
G.(v) = N(l + f_> <1 +< XY) __) (1 + Ag e—T/TR)(l + Ap e—T/TT)
D

W, Tp (5)
_1 —_
1 T wey\? T 2
G; =—[1 1 (—) — | (14 Apipp e~/ mimp
imp (T) N < + Timp) < + w, Timp ( + T,imp e )

The following expressions for r and the apparent number of molecules, N, as well as the
details of how to take into account the effect of impurities on FCS experiments are explained
in the corresponding section of Chapter I.

1

1+ K[DNAT\\® (6)
I+ <fQ'° (1 ¥ qK[DNA])) fu

r =
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2
1+ K[DNA]
(1 + foo f (1 Tq K[DNA]))
1+ K[DNA] \\*
1+ fy <fQ'° (1 Tq K[DNA]))

Global “target” analysis was programmed in OriginPro 8.0 (OriginLab Corporation, US). An

N=N1

(5)

empirical weighting function was used in order to take into account the strong variation of
the noise in the FCS curves. All given uncertainties correspond to one standard deviation
from the fits and do not include calibration errors.

3. Communication on DNA Binding Dynamics.

This section is the reproduction of the published work: Single-Molecule Approach to DNA
Minor-Groove Association Dynamics (Bordello et al. 2012).

The Supporting Information at the end of the section includes supplementary figures of FCS
Titrations with DNA hairpins; the explanation of the Calculation of the Diffusional Rate
Constants, k; and k;’; and the detailed Synthesis of BBA-OG carried out by our collaborators
from the Prof. José Luis Mascarenas Group (USC). To improve readability, some additional
details from the original Supporting Information were moved to the section 2 of this Chapter
Materials and Methods.

Numeration of Figures and Tables in the original manuscript has been changed by adding the
section number to keep it consistent throughout the chapter.
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Single-Molecule Approach to
DNA Minor-Groove Association Dynamics

Jorge Bordello, M. I. Sanchez; M. E. Vazquez; J. L. Mascarenas, W. Al-Soufi and M. Novo

Angewandte Chemie International Edition (2012), 51, 7541-7544.

Chemists have long pursued the design and preparation of molecules that can recognize
specific DNA sequences. The deciphering of the human genome and on-going efforts to
sequence the genome of many other organisms have provided a wealth of information on
DNA targets of both therapeutic and diagnostic interest, and therefore there is a renewed
interest in the development of smart DNA minor-groove binders.'? Despite the detailed
structural and thermodynamic information available regarding the interaction of a number of
minor-groove binders with the DNA, kinetic data are much more scarce. In addition, the very
low dissociation rates typical of these agents result in very slow binding dynamics, which are
experimentally not easily accessible.?! Typically used stopped-flow methods can yield complex
kinetics and artifacts arising from the relatively high binder concentrations often required in
this technique. Moreover, the dissociation rates are usually obtained with indirect SDS
sequestering techniques that only give apparent rates. Dynamic data of archetypical
minor-groove binders such as Distamycin or Hoechst 33258 indicate that the association
process is very fast and nearly diffusion limited, which is surprising given the severe
geometric constraints imposed on the inclusion of a binder into the narrow minor groove.!*7

Cationic bis-benzamidines represent interesting platforms to target A/T-rich sequences
preferentially over those containing G/C pairs. Prominent examples of this family, such as
pentamidine or furamidine, have found clinical applications and are successfully used for the
treatment of several major tropical diseases.! Nevertheless, the toxic side effects of these bis-
benzamidines” have encouraged the search for new derivatives with improved efficacy,

19 Bis-benzamidines bind short

pharmacological properties and reduced adverse effects.
A /T-rich DNA sequences by insertion in the narrow minor groove. NMR and X-ray studies
agree in the general picture of the interaction, in which the positively charged amidinium
groups are situated deep in the groove, making both direct and indirect hydrogen bonds with

the DNA bases and electrostatic contacts with the bottom of the groove.!!
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Recently we reported several rapid and practical synthetic approaches to bis-benzamidine
DNA binders, some of which can be easily modified by conjugation to designed functionalities
or fluorophores.'” With this methodology at hand we decided to make the conjugate
BBA-OG (Figure 3.1), featuring an Oregon green fluorophore attached to the DNA binder.
We envisioned that the presence of a negative carboxylate charge in the fluorophore should
increase the DNA dissociation rate, and thereby allow us to extract kinetic information using
Fluorescence Correlation Spectroscopy (FCS). This technique provides a sensitive single-
molecule approach to study fast kinetics of biomolecular interactions,’® yielding accurate
values for the binding equilibrium constant and the association and dissociation rate
constants, as well as for the diffusion coefficients,"*'” from which the diffusion-controlled rate

18 To the best of our knowledge this technique has not been

constants can be estimated.
previously used to analyze the dynamics of minor groove binders. The wide dynamic range of
FCS makes it possible to identify the rate-limiting step in the association event by
comparison of the dynamics of the association to DNA with different sequences and chain
length, and thus to evaluate the importance of processes such as sliding or two-dimensional

diffusion, which have been proposed as likely mechanisms for the binding of proteins to
DNA 1617

HO o 0
J) >0 F ‘ /‘ F
N
) o COH
o T
DMF, DIEA

Figure 3.1. Synthesis of Oregon green-labeled bis-benzamidine BBA-OG.

FCS titrations of BBA-OG with three short hairpin oligonucleotides (12 bp + loop)
containing as key target sequences AAATTT, AATTT and GGCCC and with a longer
dsDNA (50 bp) containing one AAATTT site, were performed. For the AAATTT-hp an
additional FCS titration at a higher salt concentration was measured. Figure 3.2 shows
normalized fluorescence correlation curves of the binding of BBA-OG to the longer dsDNA.
Without DNA only translational diffusion of the binder with correlation time 7, is observed.
Addition of DNA increases 7, reflecting the slower diffusion of the dye bound to DNA.
Additionally a new term appears with a shorter correlation time 7;, which decreases as the
concentration of DNA is increased (see insets in Figure 3.2). 7z is the relaxation time of the
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reversible binding process: 1z = (k4 [DNA], + k_)"! with k., and k being the association and
dissociation rate constants, respectively. The huge amplitude Ay of this term is due to the
high increase in the brightness of bound BBA-OG.'™ The diffusion, and relaxation terms
show the expected concentration dependence and are independent of the irradiance.!'®' In
order to reduce parameter correlation, the FCS titration series were analyzed by global target
fits'¥) with a common dynamic-equilibrium model of the diffusion, triplet and relaxation
terms (Figure 3.2 and SI.1 to SI.4). The parameters that best fit the whole data set are given
in Table 3.1 and Figure 3.3.

0 vy

.

b
.

0 50 100
[DNA]/ uM
—

0 AL 1 1 AL ) PRTRETTIT |
10" 103 10* 10°
T 0.5} / ps —»
AG(1) mm.}u‘“*f‘

x10

Figure 3.2. FCS curves of the titration of BBA-OG with AAATTT-ds and results of a global
fit of the dynamic-equilibrium model, egs. 1 to 4. Insets: variation of the mean diffusion time 7,
the relaxation time, 7; and the relaxation amplitude A, with [DNA] calculated from the fit
parameters. Lower panel: Unweighted fit residuals. The small deviations at high DNA
concentrations are due to minor fluorescent impurities in the DNA samples. Above 100 ps a
factor of 10 was applied.

Table 3.1. Association (k,) and dissociation (k) rate constants and binding equilibrium
constant (K) of BBA-OG with DNA.

DNA® k. /10° M's! k /10" s? K /10° M
AAATTT-hp 1.36 + 0.01 3.19 & 0.02 4.27 4+ 0.03
AATTT-hp 0.95 4 0.01 4.89 4+ 0.05 1.95 + 0.02
GGCCC-hpH 0.083 + 0.003 14.0 £ 0.4 0.059 =+ 0.001
AAATTT-ds" 1.56 + 0.02 2.84 4 0.02 5.47 &+ 0.05
AAATTT-hp" 0.65 & 0.03 4.63 + 0.01 1.41 + 0.03

[a] [NaCl]=0.1 M, [b] [NaCl]=1.0 M. See complete oligonucleotide sequences in section 2.2.
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Figure 3.3 shows that the association rate constant decreases by more than one order of
magnitude from the AT rich to GC containing sequences, whereas the dissociation rate
constant increases 3-5 times. Both association and dissociation contribute to the specificity
for the AT rich tracts, but the association has a higher effect. This is in agreement with
reported results for the antibiotic Distamycin with different mismatched sites.! Moreover, the
absolute values of k, for the AT sequences coincide well with those reported for other
minor-groove binders 7 and show the small decrease with Na™ concentration expected for
groove binders,” suggesting analogous association mechanisms. Nevertheless, the dissociation
rate constants are about 4 orders of magnitude higher than those of typical binders, resulting

in much lower binding constants.

The above results indicate much weaker specific interactions of
BBA-OG with the DNA minor groove, which is probably due to the electrostatic repulsion
between the negatively charged OG moiety and DNA. The high binding constants of
unlabeled bisbenzamidines supports this explanation.'” On this basis we can consider
BBA-OG as a valid model for the study of the association process to the minor groove of the
DNA.

AAATTT-hp AATTT-hp GGCCC-hp AAATTT-ds

Figure 3.3. Association (grey, left scale) and dissociation (white, right scale) rate constants of
BBA-OG with DNA obtained from FCS. Estimates of the diffusion-controlled association rate
contants k; and k,” defined in Scheme 3.1 (see SI).

In order to determine the rate-limiting step for the association process we compare the
dynamics of binding to the short DNA AAATTT-hp with that to the much longer
AAATTT-ds, which has been designed avoiding other AT rich sites. Curiously, we don’t
find significant differences in the binding dynamics (Table 3.1, Figure 3.3). The similar
dissociation (k) is readily explained in terms of similar specific interactions with the
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AAATTT sequence. However, if diffusion plays an important role, the association dynamics
should be affected by the increase of the DNA length.

For a more detailed analysis we propose a two-step mechanism like that previously used to
describe other supramolecular binding processes (Scheme 3.1).1%%) The first step is the
formation of an encounter complex between DNA and binder, with a diffusion-controlled
association rate which can be estimated based on the geometry of DNA and binder. The
second step is the insertion of the binder into the minor-groove with a rate constant £, a
process which conveys structural rearrangements or the breakdown and reconstitution of the
water structure around the interacting species. The experimentally observed k, corresponds
to the overall reaction described by a single relaxation time and is determined by the
rate-limiting step. This mechanism is therefore different to the sequential model proposed for
the binding of Hoechst 33258 to DNA[™ which involves two reactions with their corresponding
two observed reaction times.

Assuming a rod-like structure of the DNA with a localized reactive site, we estimate lower
bounds (see SI) of the diffusion-controlled association rate constants ky and ki for the
formation of unlocalized (U) and localized (L) encounter complexes, respectively, where the
binder is either located arbitrarily at any position of the DNA (U) or already localized in the
neighborhood of the reactive site (L) (Scheme 3.1).1

separated species encounter complex bound species
)
L
Ky
—_— —_—
. R a— — ke -~
— kd > N
+ » =
’ -
kd . ’ ‘
K4
k.
k

Scheme 3.1. Two-step mechanism proposed for the binding of BBA-OG with DNA involving
the formation of an encounter complex, with the binder localised at the DNA reactive site (L) or
unlocalised (U).
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The estimated values of k;’ for the formation of localized complexes L are of course
significantly lower than those of k; corresponding to the formation of U, especially in the case
of the long dsDNA (Figure 3.3, SI). Nevertheless, even for the most specific sequences, both
ky and k' are at least one order of magnitude higher than the observed overall rate constant
k.. This shows that the diffusion-controlled formation of the encounter complex is not the
rate-limiting step, even if the binder is requested to be located near the reactive sequence.
The encounter complexes U and L are in rapid pre-equilibrium with the separated species so
that the overall rate of association between BBA-OG and DNA is not diffusion limited but
determined by the next step of the process, namely the unimolecular inclusion into the minor
groove. This step is probably essentially controlled by geometrical and orientational
requirements, which depend on critical dimensions of both the binder and the minor groove.
The presence of the exocyclic 2-amino group in GC tracts®! may explain the much lower
value of k. obtained for this sequence.

We can also conclude that processes that increase the rate of formation of localized encounter
complexes, such as sliding or bi-dimensional diffusion along the DNA strand,!' ' do not play
a key role in the association rate of BBA-OG, and probably also not for other minor groove
binders.

In summary, our results indicate that the association process of BBA-OG to dsDNA is not
controlled by diffusion, but by the rate-limiting insertion of the binder into the minor-groove.
Moreover, we find that the association process has an important effect on the specificity to
AT sites, whereas the differences in the binding affinity are mainly determined by the
dissociation rate. This mechanism might constitute a general mechanism for small minor
groove binders, but this should be confirmed with further studies on more typical minor
groove agents. This information should be useful for the design of new DNA binders with
optimized properties and for the future understanding of the behavior of these molecules in
more complex cellular environments. This work has also shown the potential of FCS for the
study DNA binding dynamics of minor-groove binders using labeled derivatives.
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Supplementary Information.
FCS Titrations with DNA hairpins.

The following figures (S1 to S4) show the normalized fluorescence correlation curves
measured for BBA-OG in the presence of different concentrations of DNA for the three
sequences of hairpin DNA studied, together with the fitted curves and the residuals of the fits
obtained from global target fits of the dynamic-equilibrium model, eq. SI.1-4. The values of
individual fits to the FCS curves are consistent with the global fit results, but are strongly
affected by parameter correlations. The values of the brightness ratio between bound and free

binder, ¢, were between 9 and 12.
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Figure SI.1. FCS curves for the titration of BBA-OG with AAATTT-hp DNA at
[NaCl] = 0.1 M (experimental data and fitted curves using eq. 1 to 4). Insets: variation of the
mean diffusion time 7, the relaxation time, z; and the relaxation amplitude A, with [DNA]
calculated from the fit parameters. The lower panel shows the fit residuals. Above 100 ps a
factor of 10 was applied.
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Figure SI.2. FCS curves for the titration of BBA-OG with AATTT-hp DNA at
[NaCl] = 0.1 M (experimental data and fitted curves using eq. 1 to 4). Insets: variation of the
mean diffusion time 7, the relaxation time, 7, and the relaxation amplitude A, with [DNA]
calculated from the fit parameters. The lower panel shows the fit residuals. Above 100 us a
factor of 10 was applied.
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Figure SI.3. FCS curves for the titration of BBA-OG with GGCCC-hp DNA at
[NaCl] = 0.1 M (experimental data and fitted curves using eq. 1 to 4). Insets: variation of the
mean diffusion time 7, the relaxation time, 7; and the relaxation amplitude Ay with [DNA]
calculated from the fit parameters. The lower panel shows the fit residuals. Above 100 ups a
factor of 10 was applied.
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Figure SI.4. FCS curves for the titration of BBA-OG with AAATTT-hp DNA at
[NaCl] = 1.0 M (experimental data and fitted curves using eq. 1 to 4). Insets: variation of the
mean diffusion time 7, the relaxation time, 7, and the relaxation amplitude A, with [DNA]
calculated from the fit parameters. The lower panel shows the fit residuals. Above 100 ps a
factor of 10 was applied.

Calculation of the Diffusional Rate Constants, k; and k;’.

The diffusion-controlled rate constant of a bimolecular reaction can be calculated using the
Smoluchowski equation for the case of two uniformly reactive homogeneous spheres (Berg and
von Hippel 1985):

kq=4mDR (S1)
kq = 4m(Da + D) (7a + 13) (S2)

where D, and Dy are the diffusion coefficients, and r, and r; the interaction radii of the two
spheres.

The geometry of the DNA hairpin or strand used herein is not well described by a sphere, but
has to be modeled as a rod or ellipsoid. Using this model the value for the DNA interaction
radius can be estimated from the major and minor semi-axes (a and b, respectively) using the
following expression (Berg and von Hippel 1985):

"bNA ¥ % (S3)
ln( )

b
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Using this expression for 1y, we obtain a rate constant k; which accounts for the
diffusion-controlled formation of an encounter complex with the binder located arbitrarily at
any position of the DNA (indicated as U in Scheme 3.1).

In cases where only a segment of the rod is reactive, one can define a second diffusional rate
constant, k;’, which accounts for the diffusion step to yield an encounter complex where the
binder is located in the neighborhood of the reactive base sequence with high affinity
(indicated as L in Scheme 3.1). This diffusion-controlled rate constant can be estimated from
k, using the area ratio between the reactive segment and the whole DNA molecule. The area
ratio can be estimated from the ratio between the length of the reactive site, [, and the total
length of the molecule, 2a.

l
kq = 5-ka (54)

These equations have been used to estimate the values for the diffusional component of the
association constant in the interaction of BBA-OG with the two DNA molecules with the
same specific sequence of base pairs (AAATTT) but different sizes: the hairpin (12 base pair
+ 5-base loop) and the 50-bp double stranded DNA. From the values of diffusion coefficients
(derived from the diffusion times of the fits) and interaction radii (estimated with the rod
model as explained above) we can establish lower limits for the diffusion-controlled
association rate constants (see Table S1). Dimensions a, b and [ of the DNAs used in this
work were calculated from reported data (Fernandes et al. 2002):

Table S1. Diffusion coefficients (D),), interaction radii (R), diffusional rate constants (k,, k)
and experimental association rate constants (k,) for the interaction of the binder BBA-OG with
the DNA-hp and DNA-ds used in this work. k;’ are the diff. rate constants referred to an
interaction localized at the reactive site.

D, /10" m*' R /A ky/10° Mt kg /10° Mt k. /10° Mst

BBA-OG 3.23
DNA-hp 1.22 24.2 8.13 3.49 0.136
DNA-ds 0.67 39.0 11.5 1.38 0.156

The upper limit for the overall observed association rate constant k, is k;, which considers
the diffusional step till the binder comes into collision with any part of the DNA. In this case,
the larger DNA (DNS-ds) has a higher value of k, since the increase in the interaction radius
compensates the decrease in the diffusion coefficient.

When we extend the diffusional step until the binder comes into collision with the segment of
specific sequence in the DNA, we have to estimate the diffusion-controlled rate constant
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through k. In this case, the value of k" is lower for the longer DNA-ds than for the short
DNA-hp, since the target zones are equal for both DNAs, but the diffusion coefficient is lower
for the larger DNA (DNA-ds).

Although £k, is much lower than k; it is still about one order of magnitude higher than k.,
both for the short DNA-hp and the larger DNA-ds. This indicates that the association
process of BBA-OG with DNA is not diffusion-controlled.

Synthesis of BBA-OG.

DMF and TFA were from Scharlau, CH,Cl, from Panreac, CH;CN from Merck. The rest of
reagents were acquired from Sigma-Aldrich and Invitrogen. Some reactions were followed by
analytical RP-HPLC with an Agilent 1100 series LC/MS using an Eclipse XDB-C18
(4.6 x 150 mm, 5 pm) analytical column. Standard conditions for analytical RP-HPLC
consisted on an isocratic regime during the first 5 min, followed by a linear gradient from 5%
to 95% of solvent B for 30 min at a flow rate of 1 mL/min (A: water with 0.1% TFA, B:
acetonitrile with 0.1% TFA). Final products were purified on a Biichi Sepacore preparative
system consisting on a pump manager C-615 with two pump modules C-605 for binary
solvent gradients, a fraction collector C-660, and UV Photometer C-635. Purification was
made using reverse phase linear gradients of MeCN/H,O, with 0.1% TFA in 30 min with a
flow rate of 30 mL/min, using a pre-packed preparative cartridge (150 x 40 mm) with reverse
phase RP18ec silica gel (Btichi order number 54863). The fractions containing the products
were freeze-dried, and their identity was confirmed by ESI-MS. All the bis-benzamidines were
purified by HPLC and isolated as tris-TFA and bis-TFA salts.

Synthesis of BBA : Potassium tert-butoxide (36.4 mg, 0.324 mmol, 4 equiv) was added to a
solution of the bis-amino benzamidine 1 (50 mg, 0.081 mmol) in dry DMSO (1.62 mL). After
30 min, l-iodo-tert-butyl-2-aminopropylcarbamate (27.7 mg, 0.097 mol, 1.2 equiv) was added
in portions. The reaction mixture was stirred under Ar at rt for 2 h. The crude reaction was
directly purified by preparative reverse-phase chromatography (Biichi Sepacore) (gradient:
15% B, 5 min; 15% — 95 % B, 30 min.). The combined fractions were concentrated and
freeze-dried.

The isolated Boc-protected compound was dissolved in CH2CI2 (1 mL) and cooled to 0 °C.
TFA (1 mL) was added drop wise and the resulting solution was stirred at 0 °C for 1h and at
room temperature for other 2 h. The solvent was removed under reduced pressure, and the
residual TFA was removed by co-distillation with CH2CI2. The residue was purified by
preparative reverse-phase chromatography (Biichi Sepacore) (gradient: 0% B, 5 min;

183



Chapter IV

0% — 50 % B, 30 min.). The freeze-dried solid was identified as the desired product (BBA)
(56.8 mg, 0.072 mmol, 89% overall yield for the 2-step process).

OH O/\/\NH3
1) 1”™>""NHBoc
KO‘Bu DMSO H H
HZNYQ/ \©\f 2) TFA, CH,Cl, HzNYQ/ \©\me2
(BBA)
NH,

NH; NH,

Figure SI.5. Reaction scheme for the synthesis of BBA.

Synthesis of BBA-OG: A solution of bis-amino benzamidine (BBA) (30.92 mg,
39.26 pmol, 4 equiv) in 98.15 uL of DMF/DIEA 0.2 M was added to (5 mg, 9.82 pmol)
Oregon Green 488 succinimidyl ester and stirred for 2 h. The consumption of the starting
material and the appearance of the desired product was confirmed by analytical RP-HPLC.
The residue was purified by high pressure reverse-phase chromatography (gradient: 15% B,
5 min; 15%—95 % B, 30 min.). The appropriated fractions were collected, concentrated and
freeze-dried to obtain the desired conjugate BBA-OG (6.5 mg, 5.80 umol, 59 %).

BBA-0OG

Figure SI.6. Reaction scheme for the synthesis of BBA-OG.
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4. Influence of the Linker Length between the Binder and the attached Dye.

In this section the influence of the linker length between BBA and OG in the interaction of
the binder with DNA was investigated. A new study of the dynamics was carried out using a
binder in which the linker between BBA and the OG was lengthened to get the molecule
labeled in Figure 1.3 as BBA-OG-long. FCS titrations were again performed for different
sequences of DNA-hp at constant binder concentration (see Figures 4.1 and 4.2) similarly to

the experiments with the previous binder BBA-OG.
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Figure 4.1. FCS curves for the titration of BBA-OG-long with AAATTT-hp DNA at
[NaCl] = 0.1 M (experimental data and fitted curves). Insets: variation of the mean diffusion
time 7, the relaxation time, 7z; and the relaxation amplitude Ay with [DNA] calculated from the
fit parameters. The lower panel shows the fit residuals. Above 100 us a factor of 10 was applied.
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Figure 4.2. FCS curves for the titration of BBA-OG-long with GGCCC-hp DNA at
[NaCl] = 0.1 M (experimental data and fitted curves). Insets: variation of the mean diffusion
time 7, the relaxation time, z; and the relaxation amplitude Ay with [DNA] calculated from the
fit parameters. The lower panel shows the fit residuals. Above 100 us a factor of 10 was applied.
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The correlation curves were analyzed globally for each titration with a similar model to that
used for the binder with short linker (see details in section 2.4).

The fits are also shown in Figures 4.1 and 4.2 and the most important parameters obtained
from them are collected in Table 4.1 and Figure 4.3.

Table 4.1. Association (k,) and dissociation (k) rate constants, binding equilibrium constant
(K) and brightness ratio of BBA-OG (binder with short linker) and BBA-OG-long (binder with
long linker) with DNA-hp of two sequences AAATTT and GGCCC.

k. /10° M'sT k. /10%! K /10° M q
AAATTT + BBA-OG 1.36 £ 0.01 3.19 + 0.02 4.27 £ 0.03 124 £ 0.1
GGCCC + BBA-OG 0.083 £0.003 14004 0.059 £0.001 109 £+0.1
AAATTT + BBA-OG-long 1.33 £ 0.04 3.7+ 0.1 3.6 £0.1 4.2 + 0.1

GGCCC + BBA-OG-long 0.13 £ 0.02 4.7+ 0.3 0.28 £ 0.04 4.0+£0.2

10* -
AAATTT
AAATTT AAATTT o
10° ]
Kl M.1 GGQCC q B AAATTTgGgcce
10* GGeCe 1
10° 1 -
short linker long linker short linker long linker
10° 10°
AAATTT AAATTT GGcce
10° 10° Soee
1.4 1 AAATTT| AAATTTE
kIM's kls
+ GGCCC -
107 GGCCC + 10*
10° 10° - -
short linker long linker short linker long linker

Figure 4.3. Equilibrium constant (upper left), brightness ratio (upper right), association and
dissociation rate constants (bottom left and right respectively) for the interaction between
BBA-OG binder and DNA-hp. Each pannel shows the results for the two binders (short and
long linker) with AAATTT-hp (grey bar) and GGCCC-hp DNA (white bar)
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The value for the association rate constant is still an order of magnitude higher for the
sequence AAATTT than for the GGCCC. The values for the association rate constant, k.,
are very similar to those obtained for the binder with short linker, showing only a small
difference in the case of the GGCCC sequence, which is not considered significant due to the
high uncertainties.

In opposite to the binder with short linker, the values for the dissociation rate constant are
very similar between the two sequences. The main change is observed with the sequence
GGCCC, showing a 3-fold decrease in k£ when the values for the binder with short and long
linker are compared. k. values for the AAATTT sequence do not significantly change from
one binder to the other.

According to the behavior of the rate constants, the values of the equilibrium constant, K,
show again a higher affinity for the AAATTT sequence. However, the difference between
both sequences is smaller than that observed for the binder with short linker, due to an
increase in the affinity to the GGCCC sequence when lengthening the linker between BBA
and OG.

The fact that the association rate constant, and very especially its relative values among the
sequences, is barely affected by the length of the linker supports our premise that the
association process for this type of binders is independent of the modifications performed to
the binder. On the other hand, we know that the attachment of OG affects the dissociation
process, with electrostatic and/or steric hindrance of the specific interactions between BBA
and the minor groove, leading to an increase in the & values. As we can observe in the results
for the short linker binder, the effect of the attachment of OG to the BBA is higher for the
GGCCC region, showing a much higher value of k. This could explain the fact that in the
GC region the groove is more sensitive to changes in the length of the linker between BBA

and OG.

In relation with the dye response to the binding, for both titrations the brightness ratio
remains constant in a level lower than half the value obtained for the titrations with the
short-linker binder. This fact is related with the difference in brightness observed between
both binders in absence of DNA. The photophysics of these molecules is discussed in the
following section.
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5. Photophysical Study of the Binder.

In order to explain the difference in the binder response among the two BBA derivatives,
excitation and emission spectra were measured for both of them together with those for the
BBA and OG (Figure 5.1). The minor-groove binder BBA absorbs in the UV range (315 nm)
and has a weak emission at about 390 nm. On the contrary, the fluorescence marker OG
presents its main absorption and emission bands in the visible range, although it shows an
additional absorption band at 328 nm that overlaps with that of BBA. The coupling of these
two molecules yields species BBA-OG and BBA-OG-long with absorption and emission
spectra very similar to those of OG. Thus, the main emission band appears at 522 nm,
independently of the excitation wavelength, although a residual emission is observed in
BBA-OG and BBA-OG-long when exciting at 328 nm. Nevertheless, the fluorescence
quantum yield of OG is much higher than those of the derivatives. For excitation at 488 nm,
OG is 85 and 6.6 times brighter than BBA-OG and BBA-OG-long, respectively, as
determined by FCS. The fluorescence decays of these species are triexponential in opposite to
the monoexponential decay of OG (see Table 5.1). The longest lifetime is similar, but
somewhat smaller than that of OG, and a new shorter lifetime is observed, which has the
main contribution to fluorescence in the case of BBA-OG. The shortest lifetime is attributed

to the effect of stray and Raman light.

. 1 0 K M T T T T T T T
§ I —0G
\; 0.8} ——BBA-OG
-“5 | —— BBA-0G-long
3 06}
£
9 I
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Figure 5.1. Fluorescence excitation (dashed dotted lines) and emission (solid lines) spectra of
BBA (light grey), OG (grey), BBA-OG (dark grey) and BBA-OG-long (black). For BBA the
spectra were measured at A, =391 nm and A, =315nm and for OG, BBA-OG and
BBA-OG-long, at A,, = 525 nm and A, = 328 nm (thin lines), 488 nm (thick lines). The spectra
were normalized at their maxima to facilitate comparison.
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These results indicate that the derivatives BBA-OG and BBA-OG-long have the
photophysical properties of OG instead of those of BBA, but they show a fluorescence
quenching which leads to a much lower quantum yield and a shorter lifetime of the OG
moiety in these derivatives. Moreover, the second lifetime observed in these species must be
related to the quenching process. When comparing the two derivatives, it is observed that
fluorescence quenching is more effective in BBA-OG, where the linker between BBA and OG
is shorter. This suggests that the quenching process is due to the interaction between BBA

and OG.

Table 5.1. Fit results of the fluorescence decays of OG and the binders BBA-OG and
BBA-OG-long without and with DNA. B,/B, is the ratio between the preexponential factors of
lifetimes 1, and t;. Emission monitored at 520 &+ 10 nm with excitation at 470 nm. DNA
concentrations: (a) 305 uM; (b) 260 uM; (c) 306 uM; (d) 299 uM.

7, /ns 7, /ns 7; /ns B,/ B, x?
oG 0.011 £ 0.009 4.158 £ 0.001 1.36
BBA-OG 0.05 (f) 1.54 £0.02  3.40 £ 0.06 5.1 1.14
*BBA-OG +
+ + +

DNA AAATTT hp 0.04 £ 0.01 21+£0.2 4.35 £ 0.02 0.18 1.06
"BBA-OG + 0.066 £ 0.007 1.724+0.03 4.28 £0.03 1.6 1.16

DNA GGCCC-hp ’ - T R ' '
BBA-OG-long 0.254 £ 0.007 1.59 £ 0.03  4.00 £ 0.02 1.3 1.10

‘BBA-OG-long +
DNA AAATTT-hp
IBBA-OG-long +
DNA GGCCC-hp

0.28 £0.01 1.83+0.06 4.26 +0.01 0.44 1.08

0.308 £0.009 1.86+0.04 4.19+0.02 0.92 1.06

In order to prove this hypothesis we have measured the fluorescence emission spectra and
decays of OG in the presence of different concentrations of BBA (Figure 5.2 and Table 5.2).
A dramatic decrease of the fluorescence intensity with the addition of BBA is observed, being
the corresponding Stern-Volmer plot clearly non-linear. This indicates that both static and
dynamic quenching take place. In fact, the decrease of the longer lifetime (7z;), associated to
OG, as the concentration of BBA is increased (Table 5.2), with a Stern-Volmer slope of
16.6 £ 0.3 mol! dm?, evidences a collisional quenching. Nevertheless, a second shorter lifetime
appears at about [BBA] =2 mM, whose value decreases as the concentration of BBA is
increased. The amplitude of this lifetime is small but positive and increases with BBA
concentration. These are evidences of another process in the excited state reverse process to

the collisional quenching.
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Figure 5.2. Fluorescence emission spectra of OG with different concentrations of BBA up to
25 mM. Inset: Fluorescence intensity at 520 nm against BBA concentration (filled squares, left
scale) and fitted curve with the model described in text. Stern-Volmer plot for the fluorescence
intensity measured at 520 nm (open circles, right scale). Excitation wavelength: 488 nm.

Table 5.2. Fit results of the fluorescence decays of OG in the presence of different
concentrations of BBA. Triexponential fits with T, = 0.03 & 0.02 ns”'. B,/B, is the ratio between
the preexponential factors of lifetimes 1, and t;. Emission monitored at 520 £ 10 nm with
excitation at 470 nm.

[BBA] /mM 7, /ns 7, /ns B,/B, ¥’

0 4.158 £ 0.001 1.36
0.293 4.139 £ 0.001 1.27
0.554 4.116 £ 0.002 1.18
1.07 4.085 £ 0.002 1.08
2.05 26+0.9 4.04 £0.03 0.042 1.16
3.04 29+1.2 3.99 £0.09 0.075 1.14
4.05 1.7+0.5 3.89 £ 0.01 0.027 1.05
6.06 1.6 £0.3 3.79 £ 0.02 0.061 1.08
12.1 1.2+0.1 3.47 £ 0.02 0.15 0.96
24.2 1.0+ 0.2 2.8+0.2 0.17 0.97
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On the basis of these results, a mechanism is proposed for the interaction of OG with BBA
(Scheme 5.1) that includes the formation of a complex between OG and BBA in the ground
state (K, equilibrium constant) and both the dynamic quenching of OG by BBA (k,
bimolecular rate constant) and the reverse process (k,, unimolecular rate constant) in the
excited state. Electrostatic forces between the two molecules with charges of opposite sign
favor the formation of an ion-pair complex and suggest that the quenching is due to
photoinduced electron transfer (PET), as shown in Scheme 5.1. This process with rate
constant kg is very effective in the excited complex since the distance between charge donor
and acceptor is very small and PET is known to drop rapidly with distance (Lakowicz 2006).
There is also a collisional quenching, but this is expected to be less effective because the two
molecules have to diffuse together, so that it is observed at relative high concentrations of
BBA. When OG transfers an electron to BBA it undergoes a structural change similar to
protonation and, as in the protonated species of OG, the fluorescence quantum yield
decreases significantly. Therefore, the charge-transfer complex is expected to be no
fluorescent.

k
OG "+ BBA*=—>> OG:BBA**—=s 0G:BBA

K,
hVleoe hVleOG:BBA

OG~ +BBA*—= OGBBA*

Scheme 5.1. Mechanism proposed for the interaction of OG with BBA including the formation
of a complex between OG and BBA in the ground state (K, equilibrium constant) and reversible
processes in the excited state with the rate constants k; (quenching) and k, (reverse process). ky
is the rate constant for the photoinduced electron transfer process.

Under experimental conditions of excess of BBA with respect to OG, the mechanism in
Scheme 5.1 leads to equation 8 for the steady-state fluorescence intensity at a certain
emission wavelength A, F(A1), as a function of the total BBA concentration, [BBA]. Fyq(A)
and Foqppa(4) are the fluorescence intensities at the emission wavelength A of free OG and
complex OG :BBAT, respectively, and &,; and &,q.pp4 are their molar absorptivities at the

excitation wavelength.

F(A) =F @)+ FQ
Foe(A) (1 + (R2/R,) K [BBA])
(1+ K[BBAD (1 + R,(1 — R,)[BBA])
Fog:ea(41) (1 — R, — Rg)
(1+ K[BBAD (1 + R,(1 — R,)[BBA])

R, = gog/€oaBBA; R1 = ki/kog; Ry = kp/(ky + kg + kogsea); Rp = kg/(ky + kg + kog:sea)

Fl(;{) =
(8)
F,(1) =

(R,R:[BBA] + (1 + R,[BBA])K[BBA])
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The resolution of the corresponding differential equations leads to biexponential functions for
the fluorescence decays of OG in the presence of different concentrations of BBA.
Nevertheless, the two lifetimes cannot be assigned to each excited species and show complex
dependencies on the rate constants defined in Scheme 5.1 (equation 9), as well as their
amplitudes. Analysis of these equations shows that 7, varies between the lifetime of OG* and
that of the complex OG:BBA** whereas 7 is related to the relaxation time k [BBA|+ £, in
the excited state. The amplitude of 7, is always positive and decreases as the concentration of
BBA is increased. On the contrary, the amplitude of 7; is only positive when excited-state
quenching is more effective than that of the ground state (k,/k, > K) and show very different
dependencies on [BBA]| for small changes in the values of the rate constants.

TAB = 2/(k1 [BBA]|+kog + ky + kg + kog.pea T \/&)
a = (ky[BBAl+kog + k2 + kg + kog.pea)? — 4(kog k2 + (k1 [BBA] + kog) (kg + koc.sBa))

(9)
Taking this into account, the experimental lifetime z; must be assigned to 7, whereas 7,
corresponds to 7. The small but positive amplitude of 7, indicates that the ratio between k;
and £, is higher than the equilibrium constant K.

In order to prove the validity of the mechanism and estimate the rate constants involved, a
first simple analysis of the lifetimes is performed. It can be easily deduced that the sum (S)
and the product (P) of the inverses of the two lifetimes should vary linearly with the
concentration of BBA, as given by equations 10 and 11. Figure 5.3 shows the plots of the
values of S and P calculated from the experimental lifetimes (Table 5.2) and their
corresponding linear fits. Good correlations are obtained and, in spite of the high
uncertainties of the experimental values, the rate constants can be estimated (Table 5.3). The
values obtained have acceptable errors of around 20% except for that of k, that is poorly
estimated due to its very low value. Attempts to obtain better values of the rate constants
involved in the proposed mechanism through global fit of equation 9 to the experimental
values of 7, and 7; were not successful due to very strong correlations among the fit

parameters.
S = Txl+ Tl;l = kOG + kz + kE + kOG:BBA + kl[BBA] (10)

P =13 15" = kog (ks + kg + kog.eea) + k1 (kg + kog.spa) [BBA] (11)
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Figure 5.3. Weighted linear fits of sum S and product P of the inverse lifetimes 7, and 7z
against BBA concentration (data of Table 2).

The estimation of the rate constants from fits of equations 10 and 11 (Figure 5.3 and
Table 5.3) are now used to fit the steady-state fluorescence intensity at 520 nm for the
interaction between OG and BBA using equation 8. As shown in Figure 5.2 inset this
equation perfectly fits the data of fluorescence emission and yields a value for the equilibrium
constant K of 540 M, which is of the order of magnitude expected for the formation of such
ion pairs (Freire et al. 2010). In the fit the complex OG™:BBA* results to be non fluorescent,
as it was already proposed.
Table 5.3. Values of the rate constants and the equilibrium constant K involved in the

mechanism proposed for the interaction between OG and BBA (Scheme 5.1) obtained with
different fits. Parameters with (f) were fixed in the fit.

Parameter Linear fit of Fit of steady-state
inverse lifetimes fluorescence
K / 10° mol! dm® 0.54 + 0.04
koe / 10°sT 0.24050 + 0.0008 0.24050 (f)
kogppa + kg / 10°s! 0.37 + 0.08 0.37 (f)
k, / 10°s" mol! dm? 35+ 6 34.5 (1)
ky/ 10°s" 0.004 % 0.1 0.004 (f)

Once studied the interaction between BBA and OG we can conclude that is a quenching
process of electron transfer nature the responsible for the decrease in brightness of the OG488
when this dye is attached to the BBA. The disappearance of this quenching effect when the
BBA is bound to the DNA minor groove is what leads to the increase observed in the binder
brightness.

The difference in the brightness ratio ¢ observed for the titrations of BBA-OG and
BBA-OG-long can be attributed to the different quenching efficiencies in both cases, since the
electron transfer process between the two charged molecules OG and BBA is expected to be
highly dependent on the distance. The high efficiency of this quenching, 0.88 and 0.85 for
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BBA-OG and BBA-OG-long respectively, makes that small differences in this value become
important when comparing the intensity of the quenched molecule between the two binders.
Moreover, in the presence of DNA the value of the lifetime 7; is higher than that of OG (see
Table 5.1), suggesting that the binder bound to DNA would be even brighter than OG itself.

6. Conclusions.

A novel approach through the synthesis of a new fluorescently labeled derivative from the
cationic bis-benzamidines family of DNA binders allowed us to perform the first study of the
minor groove binding dynamics by FCS. Our results indicate that the association process of
minor-groove binders to DNA is not diffusion controlled, but the insertion of the binder into
the minor-groove is the rate-limiting step. Specificity of these binders to AT sites seems to be
mainly determined by the association process, whereas the binding affinity depends strongly
on the dissociation rate.

Two are the main characteristics of this binder that makes possible the study of this
dynamics by FCS. On the one hand, the labeling of a typical DNA minor-groove binder with
a dye suitable for SM studies. After a photophysical study of the BBA-OG binder, the
cationic BBA was proved to induce a quenching in the fluorescence of the negatively charged
OG dye. The fact that this quenching disappears upon complexation between binder and
DNA leads to an increase in brightness. This allows the determination of the dissociation rate
constant from the analysis to the titration of FCS curves. On the other hand, the binder
must present a relatively fast dissociation to fit the dynamic range of observation of FCS,
which does not happen with most of the minor-groove DNA binder. By using a binder with a
longer linker between the BBA part and the OG488 molecule, we demonstrate that both, the
efficiency of the quenching and the dissociation rate constant, can be tuned by modifying the
length of the linker.
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Folding Dynamics of Riboswitches studied by sm-FRET and TIRF

1. Introduction.

Various regulation mechanisms that control gene expression by modulating transcription,
translation, splicing or mRNA stability according to a feedback mechanism are based on the
formation of stable RNA-ligand complexes between specific metabolites and certain RNA
elements, called riboswitches (Montange and Batey 2008; Roth and Breaker 2009).
Riboswitches are RNA elements built into mRNA that can sense the concentration of a
particular metabolite and turn gene expression on or off in response. Since its discovery,
riboswitches have a central importance in RNA research as a bridge between genomics and
proteomics.

The emerging field of riboswitches is becoming a very promising ground to develop anti-
bacterial drugs that target essential metabolic pathways in bacteria and fungi (Blouin et al.
2009), since these organisms are lately becoming more resistant to existing antibiotics.
Therefore, the results obtained from this kind of studies (Kuzmenkina et al. 2005) not only
will improve the existing knowledge on RNA folding and riboswitch gene regulation
mechanisms but also could be very valuable in the development of a new generation of new
antimicrobial drugs targeting riboswitches for use as antibiotics.

The objective of studying these riboswitches is to analyze the molecular mechanisms involved
in ligand- and ion-assisted folding and understand how their highly dynamic nature is used to
trigger gene expression modulation.

OFF STATE - ON STATE
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Figure 1. Schematic showing control of gene expression by the V. vulnificus add riboswitch at
the translational level upon adenine (Ade) binding. Conformational rearrangements in the
riboswitch structure induced by ligand binding expose the Shine-Dalgarno (GAA) and AUG
sequences in the ON state.

These regulatory elements are typically positioned within in the 5’-untranslated region of
messenger RNA (mRNA) and control the expression of genes that are located downstream of
the mRNA sequence but also at more remote locations (Blouin et al. 2009; Schwalbe et al.
2007). Riboswitches are typically composed of two domains: a highly conserved
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metabolite-sensor region known as the aptamer domain and the expression platform
(Figure 1). The secondary structure of the expression platform, which can adopt two
mutually exclusive conformations depending on whether the aptamer domain has the targeted
metabolite bound or not, determines de outcome of the regulation process (Figure 1). The
X-ray crystal structures available for purine riboswitches in the bound state have shown that
the ligand is completely buried inside the RNA binding pocket (Batey et al. 2004; Pikovskaya
et al. 2011; Serganov et al. 2004) (Figure 2a).
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Figure 2. (a) Schematic showing the network of interactions within the aptamer core involved
in ligand recognition (orange) and in the stabilization of the native state (grey). Base-pair
contacts responsible to the P2-P3 loop-loop interaction are also shown. Nucleotides carrying the
donor (Cy3) and acceptor (Cy5) FRET pair are also indicated. (b) Folding of the adenine
aptamer induced by divalent metal ions promotes the docking of the P2 and P3 helical stems by
stabilizing the loop-loop interaction.

It has already been shown that in the absence of the ligand, divalent metal ions are sufficient
to promote the interaction between the P2 and P3 stem loops leading to an RNA structure
that is peripherally pre-organized in a similar way to the bound-state but with the binding
pocket remaining largely disordered (Lemay et al. 2006). It has been also shown by chemical
probing (Lemay and Lafontaine 2007), NMR-spectra(Buck et al. 2007; Lee et al. 2010) and
thermodynamic measurements (Gilbert et al. 2006) that ligand binding induces a transition
from this unstructured “open” state to a locally organized conformation and this has led to
the notion of ligand binding via an ‘induced fit’ mechanism (Noeske et al. 2007).

The add riboswitch from Vibrio vulnificus has been shown to operate at translational level
and very likely under thermodynamic control (Lemay et al. 2011). Moreover, it appears based
on biochemical data that it can bind the ligand after transcription of the expression platform,
suggesting that add can reversibly switch between the quasi-energetic ON and OFF

gene-regulation states at equilibrium.
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Although chemical denaturation methods are commonly used in single-molecule studies of
protein folding (Kuzmenkina et al. 2005), its translation into the single-molecule RNA field
has remained surprisingly unexplored. On the other hand, several reports using a variety of
ensemble-averaging techniques have already demonstrated how the effect of chemical-induced
denaturation on the folding rates of large RNAs can be used to characterize the presence of
kinetic traps and to provide evidences regarding the nature of the rate-limiting folding step
(Pan et al. 1997; Shelton et al. 1999; Sosnick and Pan 2003).

The Mg**-induced folding pathway has been widely used in single molecule FRET studies of
RNA (Heppell et al. 2011; Lemay et al. 2006; Lemay et al. 2009)(Figure 2b). In this work, we
will study the denaturant-induced unfolding route, much more common in the investigation
of single proteins (Kuzmenkina et al. 2005).

The combination of single-molecule FRET and chemical denaturation provides not only a
more powerful framework to uncover the underlying folding kinetics but also a novel tool to
investigate the stability of RNA-ligand complexes complementary to optical-tweezing
methods (Lin and Thirumalai 2008).

Only very recently, a systematic study has appeared using sm-FRET and urea as a chemical
denaturant for RNA or RNA-ligand complexes (Dalgarno et al. 2013). Given the potential
advantages arising from this approach, here we explore the behavior of other potential
denaturing agents (Lambert and Draper 2007) as an alternative to the previously used urea.

In this study we performed at single-molecule level a comparative characterization of the
folding kinetics of the ligand-free state in presence of proline, betaine and formamide as
denaturants to provide a preliminary analysis of their feasibility in single molecule chemical
denaturation studies of riboswitches folding. We also studied the response of the add aptamer
domain at different concentrations of ligand, monovalent cations and divalent metal ions in
presence of the denaturant formamide.

2. Theory.
2.1. Single-Molecule FRET.

Forster resonance energy transfer (FRET) occurs between a donor (D) molecule in the
excited state and an acceptor (A) molecule in the ground state. The donor molecules typically
emit at shorter wavelengths that overlap with the absorption spectrum of the acceptor.
Energy transfer occurs without the appearance of a photon and is the result of long range
dipole—dipole interaction between the donor and acceptor (Lakowicz 2006).
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The rate of energy transfer depends upon the extent of spectral overlap of the emission
spectrum of the donor with the absorption spectrum of the acceptor, the quantum yield of
the donor, the relative orientation of the donor and acceptor transition dipoles, and the
distance between the donor and acceptor molecules. The distance dependence of FRET allows
measurement of the distances between donors and acceptors (Lakowicz 2006; Roy et al.
2008). The efficiency of energy transfer, F, is the ratio of acceptor intensity to total emission
intensity and is given as

1
R OINE .

where r is the inter-dye distance, and R, is the Forster radius at which the FRET efficiency
equals 50%. R, takes values between 2 and 7 nm for common pairs of fluorophores, therefore
both fluorophores should be in a close proximity (<10nm) for the FRET to occur
(Hinterdorfer and Oijen 2009).

The most common application of FRET is to measure the distances between two sites on a
macromolecule. When we have a D—A pair covalently linked to a biopolymer, and a range of
D-A distances is possible for the individual molecules, FRET can be used to study the
conformational distributions. The relative number of donor and acceptor photons can be used
to calculate FRET efficiency. Single molecule detection (SMD) is possible under favorable
optical conditions for high-quantum-yield fluorophores. And these bursts were counted to
obtain a histogram of FRET efficiencies.

Conformational dynamics of single molecules can also be observed in real time by tracking
FRET changes. smFRET time trajectories are most commonly acquired by imaging surface
immobilized molecules with the aid of wide-field total-internal reflection (TIR) microscopy
that allows high-throughput data sampling (Roy et al. 2008).

The most popular single-molecule fluorophores are small organic dyes. Common FRET pairs
with absorbance from 500-700 nm are Cyanine (Cy3 and Cy5b; donor and acceptor,
respectively), Alexa and Atto dyes (Kapanidis and Weiss 2002).

Apparent FRET efficiency is calculated as

£, =
app — IA + ID (2)

where I, and I, represent acceptor and donor intensities, respectively. E,  provides only an

approximate indicator of the inter-dye distance because of uncertainty in the orientation
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factor. Nevertheless, apparent FRET is usually a monotonic function of distance (Roy et al.
2008). To determine actual FRET efficiency, one has to determine the correction factor, vy,
which accounts for the differences in quantum yield and detection efficiency between the
donor and the acceptor. y is calculated as the ratio of change in the acceptor intensity, Alj,
to change in the donor intensity, Al,, upon acceptor photobleaching (y = AI/AIL).
Corrected FRET efficiency is then calculated using the expression (Ha et al. 1999):

-1

E=(1+y§—z) (3)

Note that in order to calculate accurate FRET efficiencies, I, and I, signals should be
estimated by removing donor leakage to acceptor channel and acceptor leakage to donor
signal as well as background.

2.2. Total Internal Reflection Fluorescence.

Total Internal Reflection Fluorescence (TIRF) is an optical technique used in single-molecule
microscopy. It employs the phenomenon of total internal reflection, which occurs when a
beam of light in a high-refractive index medium (e.g., glass or quartz) hits the interface with
a lower refractive index medium (e.g. aqueous solution), and the angle of incidence exceeds
the critical angle, 6., for total reflection (Lakowicz 2006).

The refractive behavior of the propagating light when it encounters an interface between two
media with different refractive index is governed by Snell's Law:

n, sinf, =n, siné, (4)

where n, is the higher refractive index and n, is the lower refractive index. The angle of the
incident beam, with respect to the normal to the interface, is represented by 6,, while the

refracted beam angle within the lower-index medium is given by 6,.

At total internal reflection conditions (i.e., ap = 90°), the excitation beam reflects back into
glass and generates at the interface with water an electromagnetic field, called the evanescent
wave. The angle of incidence has to be greater than the critical angle, 6., given by the
following equation:

0. = sin"1(n,/n,) where n; > n, (5)

For the transition from the quartz slide (n, = 1.54) into an aqueous solution (n,= 1.33), a
critical angle of 60° results.
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The evanescent wave has maximum of intensity at the surface and exponentially decays with
the distance from the interface (Hinterdorfer and Oijen 2009):

I, =1I,e%/4 (6)

where [z is the intensity at a perpendicular distance z from the interface, and I, is the
intensity at the interface.

The penetration depth, d, is dependent upon the wavelength of the incident illumination A
the angle of incidence, 6, and the refractive indices of the media at the interface, according to

the equation:

A

d=
4 \n,2 sin? 0, — n,2 (M)

Only molecules that are at the TIRF surface are excited and fluoresce, while molecules in the
bulk of solution, at the distances larger than 100-200 nm are not excited and do not fluoresce.
TIRF efficiently rejects background signal from the bulk of solution and allows single
molecule detection experiments.

The levels of fluorescence from a single fluorophore are extremely low (hundreds to thousands
of photons per second). We will observe this fluorescence using an electron-multiplying (EM)
charge-coupled device (CCD) camera which will produce an image, in which labeled RNA
bound to the quartz slide will appear as bright spots. The time resolution of ultra-sensitive
EM CCD cameras is limited to the CCD readout time, which is on the order of few
milliseconds (Hinterdorfer and Oijen 2009).

In contrast to traditional techniques that detect only end-point results, TIRF measures the
entire course of interactions, allowing the determination of k, and k_rate constants.

There are two basic approaches to configuring an instrument for TIRF microscopy (Moerner
and Fromm 2003). In this work we use the prism method (Figure 3), where the excitation
path is independent of the objective and consists of a focused laser beam which is introduced
into the microscope coverslip by means of a prism attached to its surface, and the beam
incidence angle is adjusted to the critical angle. The setup with prism is easily accomplished,
since it requires only the microscope, prism, and laser. The drawback for this setup is the
requirement that the specimen be positioned between the prism and the microscope objective,
therefore making difficult to place additional elements such as temperature control and
real-time injection devices. Another disadvantage of the prism technique is that in most
configurations based on inverted microscope designs, the illumination is introduced on the
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specimen side opposite the objective optics, requiring imaging of the evanescent field region
through the bulk of the specimen. However, the prism-type configuration by uncoupling the
excitation and emission pathways provides a SNR higher than objective type systems. The
other common approach is the objective lens technique, which is sometimes referred to as
through the lens illumination, where a high numerical aperture objective is employed to
introduce the laser to the coverslip-specimen interface.

Index-matching oil

Excitation intensity

Slide

Tethered
molecules

Coverslip

Water Distance
Water

immersion
objective

DONOR ACCEPTOR

EMCCD
camera

Filter

Dichroic
mirror

green channel red channel

Figure 3. Instrumentation for TIR excitation and single-molecule FRET detection. single
molecules immobilized on a quartz slide surface are excited by PTIR. The laser beam focused at
a large incident angle (6, > 65°) on the prism placed on the top of the sample creates an
evanescent field at the quartz-water interface on the slide that penetrates into water in the
sample chamber and decays exponentially along the z axis, therefore exciting only a few hundred
nanometers from the interface. Fluorescence is collected using a high NA water-immersion
objective because of its higher penetration depth, and the slit generates a final imaging area that
is half of the CCD imaging area. The collimated image is split into the donor and acceptor
emissions and imaged side by side on the CCD camera (camera image in inset). If the molecule
of interest is only labeled with a donor, no fluorescence will be visible in the red detection
channel of the CCD camera.

As in most single-molecule techniques, background light is one of the main problems with
TIRF microscopy. In order to reduce the light at the excitation wavelength we will use an
interference filter with high absorption at the excitation wavelength and high transmission for
the desired emission light. Another important source of background, particularly for prism
style TIRF, is microscope slides. Ordinary glass microscope slides are remarkably fluorescent,
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due to impurities in the glass, so we have to use quartz microscope slides (also required to be
able to make the channel with injection points).

Two important problems regarding the photophysics of the fluorescent probes used in
single-molecule fluorescence experiments are photobleaching and blinking (Ha and Tinnefeld
2012). Especially in single-molecule FRET, where the fluctuations in FRET efficiency due to
these processes can be hard to distinguish from those caused by the biophysical events under
study such as conformational changes. A fluorophore is said to blink when its intensity
repeatedly drops to zero and then comes back to normal. In contrast, photobleaching is an
irreversible switching-off event, due to the interaction of the fluorophore in its excited state
with molecular oxygen or other surrounding molecules.

All organic fluorophores eventually photobleach, permanently losing their fluorescence
properties (Johnson-Buck et al. 2013). Although this is useful, since a single step
photobleaching in a movie is evidence that the fluorescence originates indeed from a single
molecule, it also reduces the time window of observation. For this reason is desirable to delay
hotobleaching as much as possible. Apart from reducing the excitation intensity,
photobleaching can be minimized by removing free oxygen from the solution using
oxygen-scavenging enzymes (i.e., catalase and glucose oxidase mixture) (Rasnik et al. 2006).
Oxygen collides with the molecule in its excited state and undergoes a chemical reaction with
the dye, resulting in permanent photobleaching. So-called oxygen scavenging systems reduce
the concentration of oxygen in solution by catalyzing its reaction with substrates other than
the FRET donor and acceptor. Oxygen scavengers make it possible to watch a single organic
dye on the order of 10 sec. (Hinterdorfer and Oijen 2009).

A related problem is blinking, it occurs when the molecules undergo intersystem crossing to
the triplet state (approximately once every 1000 excitations). These molecules remain dark
until they return to the ground singlet state. The lifetime of the triplet state is on a time
scale usually ranging from milliseconds to seconds, resulting in a temporary blinking of the
dye (Lakowicz 2006). When molecular oxygen is removed from solution other additives
(Trolox, 2-mercaptoethanol) are used as alternative quenchers to reduce blinking
(Roy et al. 2008).

Blinking as a reversible switching off can be misinterpreted as a large conformational change
to a state with very low FRET (for example, macromolecular unfolding). As a general
PP = 0)7
this should be considered as blinking, unless this effect persists even in the presence of

guideline, when FRET efficiency drops instantaneously to the level of donor only (E,

blinking suppressants, a direct excitation of acceptor confirms its activity and it does not
depend on excitation intensity (Roy et al. 2008).

204



Folding Dynamics of Riboswitches studied by sm-FRET and TIRF

3. Materials and Methods.
3.1. Labeling and Purification of RNA Oligonucleotides.

Amino-modified oligonucleotides were purchased from Integrated DNA Technologies (IDT
Inc.) and labeled using succinimidyl ester derivatives of Cy3 and Cy5 fluorophores following
the protocol provided by the manufacturer (Invitrogen).

The add aptamer domain was assembled from oligonucleotides of the following sequences (all
written in the 5’ to 3" direction):

5" STRAND: biotin- CGCCGAGCGUUGUAUAAUCCUAAUGAUAUGGUUUGGGAGU.

3’ STRAND: UUCUACCAAGAGCCUUAAACUCUUGAUUACAAACGCUCGCGC.

Fluorescently-labeled oligonucleotides were purified as described previouslyl. Purified RNA
strands were annealed by heating a 1:1 mixture to 80°C in 10 mM HEPES (pH 8.0), 50 mM
NaCl, and slow cooling to room temperature. T4 RNA ligase (New England Biolabs) was
then added to the reaction and the sample was incubated at 37°C for 4 hours. Full length
ligated RNA molecules were purified by gel electrophoresis (20% polyacrylamide gel
electrophoresis containing 7 M urea), electroeluted into 8 M ammonium acetate and ethanol

precipitated.
3.2. Denaturing Agents.

Formamide, betaine, urea and proline were purchased from Sigma. Stocks at highest
concentration used containing 6% glucose were prepared for each of them and kept in the
dark.
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Figure 4. Molecular structure of the different osmolytes used as denaturing agents in this work:
(a) Betaine; (b) Proline; (c) Formamide; (d) Urea.
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3.3. Equipment Setup and Calibration.

Equipment Setup: Single-molecule FRET experiments were performed as previously
reported (Brenner et al. 2010; Heppell et al. 2011). FRET trajectories were acquired from
immobilized single-molecules using a prism-type total-internal reflection setup that includes
an inverted microscope (Olympus IX71) coupled to a CW 532-nm laser (Crystalaser, USA)
and a back illuminated Ixon EMCCD camera (Andor Technology, UK). Donor and acceptor
fluorescence emissions were separated using dichroic mirrors (DCRLP, Chroma Technology)
and imaged onto the left (donor) and right (acceptor) half-chip of the EMCCD. This setup
allowed us to monitor the Cy3 and the Cy5 signals simultaneously.

Calibration: To ensure an accurate correspondence between the donor and acceptor images,
an overlap map is created every day with an image of surface-tethered fluorescent
microspheres (FluoSpheres 200 nm diameter, Invitrogen) with substantial emission in all
detection channels. Specifically, we manually select 3 to 4 fluorescence peaks in the donor
image and their corresponding peaks in the acceptor image of the fluorescent microspheres,
and an automated algorithm generates a linear transformation between the two images that
corrects for offset, rotation, rescaling and distortion.

3.4. Passivation and Surface-Immobilization Methods.

An air-tight sample chamber (Roy et al. 2008) is created by sandwiching double-sided tape
between a precleaned slide and a coverslip and by applying epoxy as necessary. Simple
pipetting or pumping through two holes pre-drilled in the slide allows exchange of solution
without drying.

A Donor
cceptor Py
v < iboswitch Pipette tip loaded
o/ Riboswite with a solution Mlcroscope slide
| binding
|

|| domain
| outlet hole
ad /\
NeutrAvidin
Bi LE poxy
BSA Covershp
Double-sided tape

quartz slide

Figure 5. Left: Slides are passivated with biotinylated BSA protein which bounds
nonspecifically to the surface. Biotinylated RNA is immobilized using NeutrAvidin. Right: A
micro-channel slide is made by sandwiching a microscope slide and a coverslip with double-sided
tape and by sealing with epoxy. Partially reproduced from Roy et al. (Roy et al. 2008).
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Microscope slides were successively treated with biotinylated BSA (1 mg/mL) and
neutravidin (0.2 mg/mL), and 20-200 pM dual labeled aptamer molecules carrying a biotin
group at the 5’ end were added to the slide. The imaging buffer contained 50 mM Tris-HCI
(pH 8.0), 50 mM NaCl, 6% glucose (w/w), 0.02 mg/mL glucose catalase (Roche), 0.1 mg/mL
glucose oxidase (Sigma), 1% 2-mercaptoethanol (triplet-state quencher) and the specified
concentrations of MgCl, and urea, formamide, betaine or proline. Stocks at the maximum
concentrations used for each denaturant containing 6% glucose were prepared and kept in the
dark. All measurements were performed at room temperature (20°C) using integration times
of 50 ms, unless stated otherwise.

3.5. Data Analysis.

Single-molecule FRET efficiency after background correction was approximated by
(I/[Iz+1p]), where I, and I, are the fluorescence intensities of the acceptor and donor,
respectively. Because the quantum yields and detection efficiencies of Cy3 and Cy5 are very
close, E,,, closely matches the true efficiency of energy transfer. Data analysis was carried out
by using laboratory-written analysis routines developed in MATLAB 7. Single-molecule
FRET histograms were obtained by averaging the first 10 frames of each FRET trace for
every individual molecule after manually filtering photobleaching and blinking effects. States
were identified from E,
allowed the clear observation of transitions. Rapidly fluctuating molecules undergo more

histograms, and dwell times were analyzed if the time resolution

transitions than slowly fluctuating ones, and thus in order to avoid bias toward fast rates,
dwell time histograms were obtained by using a weighting factor inversely proportional to the
number of transitions observed for each molecule. These dwell time histograms were then
fitted to a single-exponential function to obtain the lifetimes of each state, the inverse of the
rate of conversion. For the heterogeneity analysis, the average of the dwell times was
calculated for each state for each individual molecule.

4. Results.

4.1. Single Molecule Chemical Denaturation: Induced unfolding of docked
ligand-free Adenine aptamers.

It has been previously shown that Forster resonance energy transfer (FRET) between Cy3
and Cyb dyes located in the loops of the P2 and P3 stems of the add adenine aptamer can be
used to monitor the docking and undocking dynamics corresponding to the formation of the
loop-loop interaction (Lemay et al. 2006). Single aptamers were immobilized on a quartz-slide
via biotin-streptavidin interactions. Single-molecule histograms at saturating Mg*"
concentration showed almost exclusively a single Gaussian peak centered at an apparent
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FRET efficiency E,,, ~ 0.9. As previously reported, this high-FRET value can be assigned to
a Mg*"-induced docked state (D) characterized by the formation of long-range tertiary
contacts between P2 and P3 loops. We first check the system using urea, the most commonly
used RNA denaturing agent (Dalgarno et al. 2013). After injection of 5 M concentration of
urea, while maintaining the background concentration of mono- (50 mM NaCl) and divalent
metal ions (4 mM Mg®"), the single-molecule histogram shifted to a E,,, ~ 0.35 (Figure 6).
This low-FRET value matches that obtained in previous studies in the absence of Mg*" ions,
where it is demonstrated the adenine aptamer adopts a Y-shape undocked state lacking the

loop-loop interaction (UD) (Lemay et al. 2006).
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Figure 6. Single-molecule histograms at 4 mM Mg®" and 50 mM NaCl (panel 1) showed most
of the aptamer molecules in the docked conformation (D). In this state, the formation of the
loop-loop interaction brings the donor in close proximity to the acceptor resulting in a high

FRET state (£,,,~ 0.9). Injection of urea to the same surface-immobilized aptamers (panel 2)

while maintaining the concentration of mono- and divalent metal ions shifted the single-molecule
histogram to a low FRET state (E, ,~ 0.4) corresponding to the undocked state (UD). An

ap

additional cycle of urea removal (panel 3) shifted back the single-molecule histogram to the high
FRET docked state (D).

By removing the ions at 5 M urea we proceed to the unfolding of the secondary structure,
which we can also perform reversibly. The unfolded RNA corresponds to a peak centered at
E,,~024 (Figure 7), which is near the observed value obtained for a single-strand

non-self-complementary DNA strand as observed by Murphy et al. (Murphy et al. 2004).

To examine the effect that chemical melting has on the relative equilibrium populations of
the ligand-free state, we performed three titrations with different denaturing agents (Lambert
and Draper 2007) (proline, betaine and formamide) at a fixed 4 mM concentration of divalent
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metal ions. This concentration of Mg”" ions was chosen to ensure that the RNA aptamer is
mostly on a docked configuration before the addition of the denaturant.
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Figure 7. Single-molecule histograms at 5 M urea, 4 mM Mg** and 50 mM NaCl (panel A and
C) showed most of the aptamer molecules in the undocked conformation (UD), E,, ~ 0.38. By
removing the ions we can unfold the secondary structure of the RNA, resulting in a lower FRET
state (panel B, E,, ~ 0.24) whose reversibility is shown by an additional cycle of ions addition

shifting back the single-molecule histogram to the FRET undocked state (UD).

The immobilized molecules were first subjected to unfolding-refolding cycles, removing the
urea by injecting a solution containing a folding buffer (4 mM Mg*", 50 mM NaCl). Under
these conditions, we find again that the single-molecule histograms come back to the
situation with a single Gaussian peak centered at the FRET value corresponding to the
docked state E,,
reversibly at the single-molecule level (see Figure 6 for the example with urea). In the

~ 0.9, thus confirming that chemical-induced denaturation can be performed

experiments for the betaine, proline and formamide, a decrease in the density of immobilized
aptamers was observed after addition of proline and betaine above certain concentrations,
2 M and 4 M for betaine and proline respectively, suggesting that these denaturing agents
disrupt RNA immobilization, affecting streptavidin-biotin interactions. For the urea and
formamide, concentrations above 5 M and 10 M respectively induce a significant change in
the refraction index that introduces distortions in the evanescence wave generated at the
quartz-water interface. Because of this, we kept these upper limits for their concentrations.
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To examine the effect that chemical melting has on the relative equilibrium populations of
the ligand-free state, we performed titrations for the different denaturing agents (proline,
betaine and formamide) at a fixed 4 mM concentration of divalent metal ions (Figure 8). As
we increased the denaturant concentration we observed a progressive decrease in the relative
contribution of the Gaussian peak corresponding to the docked state D (E,,, ~0.9) and a
concomitant increase in the contribution of a Gaussian peak at a lower FRET (Figure 8).
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Figure 8. Single-molecule histograms of FRET efficiency as a function of denaturant
concentration. Increasing the concentration of denaturant results in a progressive increase in the
relative contribution of the single-molecule FRET histogram corresponding to the undocked
state (UD). At 4 M concentration of Betaine, the surface attachment is disrupted and there was
no enough spots to properly build a histogram.

At formamide concentration of 10 M, the single-molecule histogram showed almost
exclusively a single Gaussian centered at a low-FRET value that can be assigned to the
undocked state UD, as previously reported for the urea (Dalgarno et al. 2013). For the
betaine and proline the RNA immobilization is disrupted before reaching the situation with a
single population in the undocked state.

Corresponding anti-correlated donor and acceptor trajectories for some of the formamide
concentrations studied can be found in Figure 9. In the absence of denaturant, the aptamer
is mostly in the docked state D with occasional fast fluctuations to the undocked state UD
until photobleaching occurs. As the formamide concentration is increased, transitions between
the two FRET states become more frequent with the aptamer progressively remaining in the
undocked state for longer periods. At formamide concentration of 10 M the aptamer is almost
exclusively in the undocked state with occasional transitions to the docked conformation,
where it remained for very short periods of time.
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Figure 9. Single-molecule FRET trajectories obtained with 50 ms integration time at the
indicated concentrations of formamide showing fast fluctuations between the D and UD states.

Dwell time histograms were plotted for the UD and D states at different denaturant
concentrations (Figure 10 to Figure 12) and fitted to single exponential decays to extract the
docking (kgq) and undocking (k) rates (Table 1), for the three denaturing agents.
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Figure 10. Dwell time histograms of the UD (left panels) and D (right panels) at the indicated
formamide concentrations. The data have been fitted to single exponential decay functions to
give the rates of docking (k) and undocking (k,q), respectively.
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Figure 11. Dwell time histograms of the UD (left panels) and D (right panels) at the indicated
betaine concentrations. The data have been fitted to single exponential decay functions to give

the rates of docking (k) and undocking (£

‘undock

UD-D
12' \ 4 M proline
5 \\t
0 | '

2 M proline |

Frequency

no proline
15 .
10
5 ‘
0 :
0 2 4 6 8 10
Time/s

), respectively.

D->UD

4 M proline

2 M proline |

0.75 M proline

no proline

5 10 20

Time/s

15

Figure 12. Dwell time histograms of the UD (left panels) and D (right panels) at the indicated
proline concentrations. The data have been fitted to single exponential decay functions to give

the rates of docking (k) and undocking (¥,
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Only for the formamide we can get a single population in the UD state. Analysis of its effect
on kg and kg (Table 1) for the situations of UD and D states reveals a substantial
increase in the rate of undocking (~ 37-fold) in the undocking rate from 0.13 s' with no
formamide to a value of 4.9 s' at 10 M. In contrast, the docking rate practically remains
constant with slight variations in the range of 0.7 to 1.3 s. The equilibrium constant for the
folding process, calculated from the ki, and k4. values, is reduced by a factor of ~ 30-fold
between the limiting denaturant conditions.

As is frequently done in protein (Myers et al. 1995), and recently also RNA (Fang et al.
1999), folding studies, in order to further quantify these effects and allow the comparison
among the different denaturing agents, we extracted the m-values by fitting the kinetic rates
and equilibrium constants to the linear relationship AG(denaturant) = AG"™°—m [denaturant],
where AG"° is the free energy of folding in absence of denaturant and m is the denaturant
response parameter, which represents the dependence of AG on denaturant concentration
(Figure 13). Data measured in the research group for the urea titration were introduced in
the plot in order to allow comparison. From the slope of [denaturant] versus [nK we obtained
an m(K) equal to 0.4 M for the formamide and about 0.7 M for the other three, confirming
that all of them substantially destabilize the docked conformation. The corresponding value
for the undocking rate m(kyg.) Was very similar among all the denaturing agents around
-0.5 M'!) while little effect was obtained for the docking rate with a value of m(kyu) = 0.1
for the formamide and ~ 0.2 for the rest.

2.0

1.5¢
= Proline

¢ Formamide
o  Betaine

* Urea

------ Proline
Formamide

Ink orin K

0 1 2 3 4 5
[Denaturant] /M

Figure 13. Effect of different denaturing agents (Proline (m), formamide (®), betaine (A) and
urea(*)) on the equilibrium constant and docking and undocking kinetics of ligand-free
aptamers at 4 mM saturating concentrations of Mg*" ions. k. (red) and k4.4 (blue) were
obtained from the fits of the dwell time data as described in Figure 10 and K (green) is obtained
from k., divided by k4 Lines correspond to the best linear regression fit to the logarithmic

plot shown according to the equation: ink = ~AG"™°/RT + m [denaturant]. Values specific rate
constants and the resulting slopes are listed in Table 1.
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214

Table 1. Effect of the different denaturants on the docking, undocking and equilibrium
constants extracted from the single-molecule dwell time histograms at the indicated
concentrations of denaturing agent in a background of 4 mM Mg?" ions concentration. The
errors associated to each value correspond to those obtained from the non-linear squares fitting
of the dwell time histogram to a monoexponential decay function. Values of m(kyq), mM(kuaoe)
and m(K) in M obtained from the slope of the plots of InK, Ink,. . or Ink,. versus denaturant
concentration. The number of significant figures for these values reflects the uncertainties

obtained from the fits.

Denaturant Conc. /M kygo /5" Kaoox /5 K m | M!
0 0.13+0.02 077 £0.09 57 +13 kyga Koo K
1.3 0.32 +£0.04 097 +0.08 3.1+0.6
Formamide 5.0 1.8+01 1.31+0.09 0.73£+0.10 -0.50 -0.09 0.40
10 49403 0.71 £0.08 0.15 4+ 0.03
0.75 0.28 +0.03 0.72 +0.05 2.6 +0.5
Proline 2 0.89 4+ 0.10 0.48 + 0.04 0.54 +0.10 -0.5" 023 0.7
4 0.76 + 0.11 0.35 + 0.06 0.46 + 0.14
Betaine 0.5 028+0.03 11401 39+08 -05 03" 083
2 0.42 + 0.07 0.46 +£0.04 1.1+ 0.3
Urea® -0.51  0.19 0.70

[a] low R-square, [b] Data from Dalgarno et al. (Dalgarno et al. 2013).
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Figure 14. Contour plots of average dwell times in the D and UD states obtained from > 200
molecules as a function of formamide concentration. Red crosses mark the position of the
average value at each formamide concentration. While the level of dynamic heterogeneity
remains mostly unaltered, increasing concentrations of formamide progressively shift the average
dwell time in the dock and undocked states by ~ 20- and ~ 2-fold, respectively.
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Analysis of the dwell time histograms does not provide insights into whether or not a
denaturing agent could additionally modulate the level of kinetic heterogeneity from molecule
to molecule. To evaluate this, we measured the average times remaining on the D and UD
states for >200 molecules as a function of formamide concentration (Figure 14), obtaining
similar results than those for the urea (Dalgarno et al. 2013). The two-dimensional contour
plots of the mean dwell times show a very similar low level of dynamic heterogeneity
(< 10-fold) across the entire range of formamide concentrations. The 2D-contour plots also
showed a variation in the average dwell times as a function of formamide concentration
following a similar pattern to that previously detected by analyzing the transition-based
single- molecule histograms.

4.2. RNA-ligand Interactions: Stabilization of the docked state against
chemically-induced unfolding.

At 5 M formamide, the relative contribution of the Gaussian peak corresponding to the
docked state (D) is similar to that of the undocked state (UD). Single-molecule FRET
trajectories at these experimental conditions also revealed a higher frequency of fluctuations
between the D and UD states when compared to the trajectories without formamide
(Figure 9), with aptamer remaining in the docked state for periods 10-fold shorter. We
performed a single-molecule FRET investigation of the add adenine aptamer in the presence
of 5 M formamide at increasing concentrations of ligand up to 500 pM and in a similar 4 mM
background of divalent metal ions as that used to characterize the ligand-free state.

Upon addition of adenine ligand, the relative population of the D (E,,,~0.9) and UD
(E,,p~ 0.34) states changed, with the contribution of the undocked conformation decreasing

from ~40% in the absence of ligand to a value of ~6% at 500 pM adenine ligand
concentration (Figure 15).

In the presence of 10 pM adenine, we observed an indication of an additional state with an
E,,, of ~0.55. The existence of an intermediate state in the folding process of the loop-loop
interaction structure of the adenine riboswitch has been reported before at low magnesium

ion concentrations (Lemay et al. 2006) (e.g. 20 pM Mg*" and below).

A comparison of the time traces obtained for the docked conformation at 5 M formamide
concentration in the presence and absence of adenine ligand (Figure 9 and Figure 16)
revealed a substantial difference in dynamic behavior, with the dwell times of the docked
state in the presence of ligand being in average more than one order of magnitude longer than

in the absence of ligand.
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Figure 15. Single-molecule histograms of FRET efficiency in the presence of 5 M formamide
and 4 mM Mg>" showing the variation in the relative populations of the D and UD states as a
function of increasing concentrations of adenine ligand.
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Figure 16. Representative anti-correlated donor-acceptor intensity traces and single-molecule
FRET trajectories obtained at 4 mM Mg®" and 5 M formamide in the presence of 100 uM
adenine ligand.
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At adenine ligand concentration of 100 pM, the majority of aptamers reverted to a docked
state conformation as reflected by the ~ 85% contribution of the Gaussian centered at
E,,,~0.9; we interpreted this result from an increased population of aptamer-ligand
complexes and the subsequent protection of the docked state against formamide unfolding.
The frequency of fluctuations between the D and UD states is much lower that under similar
concentration of Mg*" ions and formamide but in the absence of adenine ligand. At these
conditions most time traces showed an extremely long-lived docked state lasting for several

tens of seconds with occasional fluctuations to the undocked state (Figure 16).

For this reason, it is not possible to calculate the k,q.x being necessary longer traces at
lower intensity to avoid photobleaching. However, the inspection of the anti-correlated donor
and acceptor traces and the associated FRET trajectories obtained revealed a remarkably
slower undocking dynamics in presence of the ligand with respect to the conditions of 5 M
formamide or even those without formamide. Interestingly, the docking rate constant
(0.73 5!, Figure 17) is almost identical to that obtained in the absence of adenine ligand at
the same formamide concentration (Table 1), showing a clear ligand-induced deceleration of
the undocking process.

5 M formamide
25+ 100 uM adenine

Frequency

Time/s

Figure 17. Single-molecule dwell time histogram and corresponding fitting to mono-exponential
decay function (solid line) obtained for the docking process of the adenine aptamer at 4 mM
Mg®* and 5 M formamide in the presence of 100 pM adenine ligand. At these conditions
single-molecule trajectories are not long enough to perform a quantitative estimation of the
undocking rate.
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4.3. Effect of Divalent Cations in presence of Formamide.

To further characterize the effect of formamide on the docking dynamics of the adenine
aptamer, we next performed a formamide titration at different concentrations of divalent

metal ions.

The effect of 5 M concentration of formamide in the relative equilibrium populations of the
docked and undocked states at different concentrations of Mg?" ions are shown in the set of
single-molecule FRET histograms in Figure 18. Representative anti-correlated donor and
acceptor trajectories and corresponding apparent FRET efficiency traces are also shown. As
expected, increasing the concentration of Mg?" at a fixed 5 M concentration of formamide
shifted the equilibrium towards the docked state from a neglectable contribution at 0.5 mM
Mg?* to a > 90% at 20 mM Mg?*". Single-molecule FRET traces obtained at these conditions
showed a significant increase in the dwell time of the docked state at Mg®" concentrations
above 6 mM compared to those obtained at 0.5 mM Mg”* (Figure 18).

Observing the data in Figure 18 we can confirm that the presence of formamide always shifts
the equilibrium towards the undocked state in comparison with the situation at the same

magnesium concentrations without formamide (Lemay and Lafontaine 2007).
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Figure 18. Left: Set of single-molecule FRET histograms at 5 M concentration of formamide
and different concentrations of Mg?" ions. Right: Representative for each Mg*" concentration.
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4.4. Monovalent Cations also protect the Folding State.

Chemical unfolding can also be counteracted by increasing the concentration of monovalent
cations. The effect of different concentrations of NaCl in the relative equilibrium populations
of the docked and undocked states without Mg*" is shown in the set of single-molecule FRET
histograms in Figure 19 for three situations: without denaturing agent, and at saturating

concentrations of formamide and urea, 10 M and 5 M respectively.

As expected, increasing the concentration of Na™ shifted the equilibrium towards the docked
state in the three cases. However in presence of urea or formamide a single population of D

state is not reached even at concentrations of Na* as high as 1 M.

Dynamics at high Na®™ concentrations and without Mg?" are too fast to perform a rate
analysis for both the formamide and the urea case (Figure 20). As an example, FRET
histograms and representative anti-correlated donor and acceptor trajectories and
corresponding apparent FRET efficiency traces are shown for the situation at 5 M urea and
1 M NaCl at two integrations times of 16 and 50 ms (Figure 21). We can see that even at the
shorter integration time the dynamics are too fast for the camera time resolution.
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Figure 19. Single-molecule histograms of FRET efficiency as a function of Na* concentration.
Increasing the concentration of monovalent cations results in a progressive increase in the
relative contribution of the single-molecule FRET histogram corresponding to the docked state
(D). Both histograms at 1 M of Na*, at 10 M of formamide and 5 M of urea, show a very broad
peaks as a result of the very fast dynamics between U and UD states. In these cases FRET
efficiencies of 0.5 to 0.7 correspond actually to the average between U and UD states that
interconvert at a time scale faster than the 0.5 s interval uses to calculate the FRET efficiency.
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Figure 20. Representative anti-correlated donor and acceptor trajectories with the
corresponding apparent FRET efficiency traces at different NaCl concentrations.
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Figure 21. Single-molecule histograms of FRET efficiency and representative anti-correlated
donor and acceptor trajectories with the corresponding apparent FRET efficiency traces at 5 M
urea and 1 M NaCl. Histogram and traces at the top half panels were performed using an
integration time of 16 ms while for the bottom half histogram and traces an integration time of
50 ms was used. Both FRET histograms were obtained by averaging the first 10 frames of each
FRET trace for every individual molecule. Even at the shorter integration time the dynamics
are too fast to completely separate D and UD populations.
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The effect of urea and formamide in the populations of D and UD states can be quantified by
the average FRET for each situation which is independent of the integration time. In
Figure 22 we can see that both urea and formamide decrease the average FRET in
comparison with the situation without denaturing agent, with the effect of 5 M of urea being

equivalent to 10 M of formamide.
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Figure 22. Average FRET efficiency as a function of Na* concentration. Increasing the
concentration of monovalent cations results in a progressive increase in the average FRET value.
An average FRET of 0.3 corresponds to a single population in the UD state, while a value of 0.9
corresponds to the docked state (D). Upward blue triangle represent measurements at 10 M
concentration of formamide, downward green triangle at 5 M of urea, and black circles represent
measurements without denaturing agent.

5. Discussion.

In this study we used the combination of single-molecule FRET and chemical denaturation to
comparatively evaluate the docking dynamics and stability of the ligand-free form of the
aptamer domain of the add riboswitch using three different denaturants.

First, we proved the compatibility of the three different denaturing agents first time used in
single molecule FRET with the surface immobilization and passivation protocols normally
employed in single-molecule studies of RNA function based on streptavidin-biotin
interactions. For the formamide we could increase the concentration up to 10 M until
reaching a single population of UD state in presence of 4 mM Mg”" and 50 mM of Na®, just
before the induced change in the refraction index introduces significant distortions in the
evanescence wave generated at the quartz-water interface. In the proline and betaine cases, at
concentrations =4 M the surface attachment starts being disrupted before the equilibrium
completely shifted to the UD state.
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We confirmed that chemical melting can be tailored to target exclusively the tertiary
interactions of the RNA structure (Figure 6, Figure 8), being also possible to reversibly
unfold the secondary structure when we remove the ions in presence of denaturant (Figure 7).
The assignment of the efficiencies of energy transfer of ~ 0.35 and 0.9 in the presence and
absence denaturant to the ligand-free undock and dock states of the tertiary structure is
supported by the similar values obtained for the different denaturants at the different Mg>*
concentrations investigated and the coincidence with those published previously (Dalgarno et
al. 2013). We have also shown that single RNA molecules can undergo sequential cycles of
folding and refolding and still preserve intact their ability to adopt the native docked
conformation (Figure 6).

We studied the effect on tertiary structure for three denaturing agents: proline, betaine and
formamide and perform a comparison with previously measured data for urea (Dalgarno et al.
2013). Although the exact nature of the interactions between the RNA and those denaturants
are still not well understood (Lambert and Draper 2007), acceleration of RNA folding by urea
is emerging as a signature of kinetic traps as the rate-limiting step in large RNAs (Pan et al.
1997; Sosnick and Pan 2003). For the add riboswitch aptamer, the absence of significative
acceleration of the docking rate using any denaturant supports a trap-free rate-limiting step
for the formation of the ligand-free state (Figure 13). Moreover, at saturating concentrations
of divalent metal ions, the 37-fold increase of the undocking rate in the range 0 to 10 M
formamide indicates that the global effect of these denaturants on the ligand-free aptamer
takes place mostly via destabilization of the docked state. This is also reflected by the slope
of Inkaea versus denaturant concentration, or m(kyga)-value, equal to ~ 0.5 M consistent
for all the denaturants studied (Figure 13). Interestingly, the docking rate also shows a
moderate but significant decrease (~2-fold) with increasing concentrations of proline and
betaine, which by extrapolation coincides with that observed for urea (Dalgarno et al. 2013).
Taken together, this data are consistent with a conformational search model, where the
rate-limiting step for ligand-free docking involves the formation of stable tertiary contacts
between the loops located at the end of the P2 and P3 stems and the addition of denaturant
makes the formation of these native interactions less favorable.

The slope of the plot InK versus denaturant concentration, the m(K)-value, is 0.4 M* for
formamide and almost double for the urea, proline and betaine. These represent the
dependence of the folding free energy on denaturant concentration and indicate that
formamide is twice less effective as a denaturant than urea, proline or betaine.

Focusing on the formamide, we can conclude that the reduction in the docking equilibrium
induced by its interaction with the mRNA aptamer is based on a substantial acceleration of
the undocking process, while the docking rate is very little affected, presenting a low level of
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dynamic heterogeneity across the entire range of formamide concentrations (Figure 14),
similar to that observed for urea (Dalgarno et al. 2013).

Next, we probed directly the influence of adenine ligand in the stability of the docked state
(D) and the corresponding dynamics of the docking process in presence of formamide. Our
single-molecule denaturation measurements reveal that increasing the ligand concentration at
constant formamide induces a pronounced increase in the dwell times of the docked state
(Figure 16) while docking rate constant is almost identical to that obtained in the absence of
adenine ligand (Figure 17). Therefore, higher concentrations of formamide are required in the
presence of ligand to induce a similar shift in the relative equilibrium populations of the D
and UD states to that observed for the ligand-free form. The decrease for the undocking rate
of the add aptamer-ligand complex compared to the ligand-free form (see traces for 5 M of
formamide in Figure 9 and Figure 16) is in agreement with recent values extracted from
force-based mechanical unfolding (Lin and Thirumalai 2008).

The observed dependence of these effects with the concentration of adenine ligand clearly
indicates that those are caused by the formation of the aptamer-ligand complex and the
subsequent protection of the ligand-bound docked state against denaturation.

In the apparent FRET efficiency histogram at 10 ntM adenine, we observed indications of the

intermediate state at E,,,

the adenine riboswitch (Lemay et al. 2006). Although, at the high magnesium ion

~0.55 previously reported for the Mg-induced folding pathway of

concentrations used here (4 mM Mg*") the interconversion between the UD state and this
intermediate state is too fast to be resolved, the existence of this discrete intermediate state
confirms that the addition of adenine promotes the formation of an intermediate structure,
providing further evidence for assistance by the binding ligand.

The effect of monovalent and divalent cations in presence of formamide were also preliminary
studied. During the magnesium titration in presence of 5 M of formamide, the relative
duration between the low and high FRET states exhibits a strong dependence on magnesium
ion concentration especially in the range from 0.5 to 4 mM Mg®". This is in agreement with
the results already published without formamide, although in this case we have to go above
10 mM magnesium ions to neutralize the effect of the formamide and reach the situation in
which the aptamer molecules exist mostly in the high-FRET state until fluorophore
photobleaching occurs. This dependence of the effect of the formamide on the magnesium
concentration opens the door to future studies using single-molecule chemical denaturation to
reveal the mechanistic role of the Mg?" ions by measuring the formamide-induced effect at
subsaturating concentrations of Mg®". Concentrations of monovalent ions above 150 mM were
proved to induce a total shift to the folding state in absence of magnesium. However in

223



Chapter V

presence of 10 M formamide or 5 M urea a single population of D state is not reached even at
concentrations of Na™ as high as 1 M, showing a too fast interconversion between the D and
UD states to be resolved by our TIRF microscope at its highest resolution of 16 ms
(Figure 21). Using the average FRET we can conclude than the effect at 10 M of formamide
on the response to Na' concentration is equivalent to that of 5 M urea. The dwell times
observed for the traces at 10 M formamide in presence of high concentrations of Na* without
magnesium are much shorter than those observed for the traces with similar average FRET
efficiency from the formamide titration at 4 mM Mg*" or the magnesium titration at 5 M
formamide, showing that for the same equilibrium populations of the D and UD states, the
dynamic behavior can be very different depending on the conditions. Contrarily to what
happen with denaturant or magnesium-induced changes in K, the increase in Na*
concentration at saturating concentrations of denaturant affects mainly to the dwell time of
the UD state, as shown in the FRET efficient trajectories. It means that the main influence is
on kg instead of kg Suggesting that the stability of the docked state in presence of
denaturant is limited by the absence of divalent metal ions. Although not proven at this
stage, it is tempting to speculate that the different behaviour observed between mono- and
divalent metal ions might reflect the different nature of the stabilization process induced by
both ions. It is know from the crystal structure of the add aptamer riboswitch that
stabilization of the folded state requires specifically bound divalent metal ions, therefore Mg**
offers and additional interaction beyond the charge screening provided by monovalent metal
ions. The absence of this specific interaction may explain the faster dynamics (most likely
faster unfolding) observed in Na® compared to Mg*". However, in order to firmly support this
conclusion, further data has to be taken in order to obtain quantitative values for the rate

constants.
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Summarizing Discussion and Conclusions

In this thesis stability and dynamics of different chemical and biological systems were
successfully studied through single-molecule fluorescence (SMF) techniques.

Fluorescence Correlation Spectroscopy (FCS) was proved to be a powerful single molecule
technique for the study of the stability and the association dynamics of supramolecular
systems and, in particular, of host-guest inclusion complexes.

Throughout the study of different systems, FCS technique was optimized especially for the
determination of host-guest binding dynamics. Some practical aspects of relevant importance
were discussed in Chapter I, particularly those regarding calibration, sample preparation or
the influence of cover-slide thickness. The most reliable value in the literature for an absolute
value of the diffusion coefficient of a standard was found to be that given by Muller (Muller,
Loman et al. 2008) for the Rhodamine 6G determined at 25°C using dual focus FCS (2fFCS).
This value together with the ratios of Gendron (Gendron, Avaltroni et al. 2008) for other
rhodamines allowed us to establish a common reference point to calculate absolute diffusion
coefficients for both excitation wavelengths used in this work (405 and 488 nm). Regarding
the cover-slide thickness influence in FCS measurements, an important variability in
thickness was discovered among the cover-slides. This variability has significant influence on
the results, increasing the diffusion time values when its effect is not corrected by adjusting
the correction collar at the right position at each measurement. The problem was avoid by
using well plates, which allowed one to perform a whole titration in the same well following a
careful protocol of sample preparation.

The effect of impurities on FCS results was investigated and also collected in an extensive
section in Chapter I. We performed a deep discussion deducing equations to relate
impurities more important characteristics (concentration and brightness) with their influence
on parameters obtained from the fit to the FCS correlation curves. Three ratios (in intensity,
fi; number, fy; and brightness, f,.) were defined to express the contribution of the impurity
relative to the main fluorophore of the sample. This allowed the deduction of general
expressions and plots to predict the effect of impurities on the different parameters.



Summarizing Discussion and Conclusions

Impurities were found to have a strong influence on the apparent number of molecules, N.
The effect on N can be calculated through the impurities contribution to the intensity signal.
The maximum influence is given by a situation with a highly concentrated impurity with
very low brightness. In cases in which the impurity are molecules that are much less bright
than the fluorophore we are interested in (less than 1%) but with huge contributions to the
intensity (up to a 50%), the influence on the number of molecules will be very high, but
neglectable on the diffusion time. The scattered light coming from the solvent is a clear
example of this situation.

On the contrary to what happens with the number of molecules, the diffusion time will be
much more affected by impurities with high brightness. Also, the more different in size are
the fluorophore and the impurity the bigger will be the influence on the diffusion time.

The influence of impurities on the apparent number of molecules, N, during titrations in host-
guest complexations was also studied in this chapter. Experimental data of titrations with
unexpected increases in N (at constant concentration of fluorophore) were collected for
different host-guest systems. Two different models were developed in order to establish in
which cases theses changes in N could be explained on the basis of the impurities present
either in the stock of fluorophore or in the stock of host. In the case of an impurity in the
stock of guest, this will lead to a change in the apparent number of molecules during a
titration, only when the brightness ratio between guest and impurity depends on the
concentration of added host. In any case, the knowledge of two of the three ratios f;, fv and f,
together with the equations we have proposed allow one to predict the influence on the
number molecules and on the diffusion time. It helps to interpret correctly the data in FCS,
and distinguish between those effects caused by the impurity and those due to the interaction
between host and guest. Calculations and analysis discussed in this chapter make it possible
to study systems with certain levels of impurities even when the effects of the interaction
between host and guest are weak.

The study on the interaction between adamantane and cyclodextrin collected in Chapter II
shows how using FCS host-guest binding equilibrium constant can be determined analyzing
the variation in the diffusion coefficient of the fluorescent guest or host with no need for a
change in the photophysical properties of the fluorescent probe. Following this strategy, FCS
can target the study of almost any host guest systems as long as host or guest is labeled with
a fluorophore. However, the use of standard UV /Vis absorption and fluorescence spectroscopy
requires a change in the absorption or emission spectra of the dye upon complexation as it
happens in the association of PY and PB with yCD studied in other of the papers included in

Chapter II. In this work, the analysis of the variation in the spectra allowed us to make
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interesting conclusions regarding the different behavior between the two pyronines and the
stabilities of the pyronine dimers and 1:1 and 2:1 complexes with yCD.

FCS gives also access to the association/dissociation rate constants of the host-guest inclusion
providing that the fluorescence intensity of host or guest changes upon complexation. The
comparison of the rate constants with that of a diffusion-controlled process estimated from
the same FCS experiment allows a better understanding of the association dynamics. Results
for different host-guest systems were collected in the third contribution included in
Chapter II, showing that cyclodextrin cavities act as “hard” cages which put geometric and
orientational restrictions on the inclusion of a hydrophobic guest, whereas micelles behave as
“soft” cages without geometrical requirements.

The study of hydrophobic interactions in ionic colloidal systems by FCS requires neutral
fluorescent probes, which typically present a lower brightness, worse photostability and
mostly need an excitation at lower wavelength as compared to the charged dyes mostly used
in FCS. It has been shown in Chapter III that the dynamics of the host-guest association of
a neutral hydrophobic dye to micelles can be studied by FCS in spite of the low quantum
yield, low saturation threshold and higher energetic excitation of the dye. The careful
selection of the experimental conditions made it possible to obtain the dynamic and
diffusional properties with reasonable precision. It was also discussed that the contrast in the
brightness of free and bound dye (brightness ratio ¢) has a strong influence on the sensitivity
of the FCS experiment to the association dynamics. The simulations in this chapter show
how a strong contrast ¢ >1 leads to high amplitudes of the reaction term already at low
micelle concentrations, which means that the most suitable measurements to determine the
rate constant under these conditions will be those at low surfactant concentration.

As a relevant example of positive-contrast dye, the interaction between the surfactant Triton
X-100 and the fluorophore Coumarine 152 was studied. The selection of the measurement
conditions according to the contrast of the dye allowed us to satisfactorily obtain the kinetic
constants of the system, confirming that micelles act as a soft cage which allows a diffusion-
limited entry of the dye into the micelle. Being the association rate constant diffusion-limited,
both the binding equilibrium constant and the overall exchange (relaxation) rate of different
micellar systems will be determined mainly by the exit rate constant, which shows a strong
dependence on the specific interactions between dye and micelle. This leads to a broad
dynamic range of the exchange in micellar systems, which can be well covered by FCS.

The use of both neutral and charged dyes opens the way to systematic studies of the

dynamics of matter exchange in series of neutral and ionic colloidal systems and to evaluate
the role of electrostatic as compared to other weak interactions.
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In Chapter IV, a novel fluorescently labeled derivative from the cationic bis-benzamidines
(BBA) family of minor groove binders labeled with the negatively charged Oregon Green
(OG) was used to study for the first time by FCS the binding dynamics of a minor groove
binder to both high and low affinity DNA sequences. As a result of using this modified binder
the dissociation dynamics of BBA-OG is faster than that of more typical minor-groove
binders, making it accessible by a highly sensitive single-molecule technique as FCS.

This study yielded values for the binding equilibrium constant, the association and
dissociation rate constants, and also the diffusion coefficients, which were necessary to
estimate the diffusion-controlled rate constants. The comparison of the dynamics of the
association of BBA-OG to different DNA sequences and to DNA of different length allowed
us to identify the rate-limiting step in this process and evaluate the importance of
mechanisms such as sliding or two dimensional diffusion found for the binding of proteins to
DNA. FCS revealed that the dynamics of the association process of the bisbenzamidine
minor-groove binder BBA-OG to dsDNA is not controlled by diffusion, but by the insertion
of the binder into the groove at the specific site, as shown by the rate constants for each step
of the binding event. Specificity of these binders to AT sites seems to be mainly determined
by the association process, whereas the binding affinity depends strongly on the dissociation
rate.

It was also confirmed that the association rates obtained for the binder under study are very
similar to those reported for typical minor-groove binders. Consequently, this mechanism
might constitute a general mechanism for small minor groove binders, however this should be
confirmed with further studies on more typical minor groove agents.

After a photophysical study of the BBA-OG binder, the cationic bis-benzamidine (BBA) was
proved to induce a quenching in the fluorescence of the OG dye. The disappearance of this
quenching upon complexation with DNA leads to the flickering in the fluorescence intensity
of the binder required to yield the entry and exit rate constants by Fluorescence Correlation
Spectroscopy.

By using a binder with a longer linker between the BBA part and the OG488 molecule, we
demonstrate that both, the efficiency of the quenching and the dissociation rate constant, can
be tuned by changing the length of the linker.

In Chapter V a combination of single-molecule FRET and chemical denaturation was used
to comparatively evaluate the docking dynamics and stability of the ligand-free form of the
aptamer domain of the add riboswitch using three different denaturants: proline, betaine and
formamide.
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The compatibility of the three different denaturing agents first time used in single molecule
FRET with the surface immobilization and passivation protocols was tested. For the
formamide the concentration could be increased until reaching a single population of UD
state in presence of magnesium and sodium ions, just before the induced change in the
refraction index introduces significant distortions in the evanescence wave generated at the
quartz-water interface. In the proline and betaine cases, at concentrations lower
concentrations the surface attachment starts being disrupted before the equilibrium
completely shifted to the UD state.

It was confirmed that chemical melting can be tailored to target exclusively the tertiary
interactions of the RNA structure being also possible to reversibly unfold the secondary
structure when we remove the ions in presence of denaturant. It was also shown that single
RNA molecules can undergo sequential cycles of folding and refolding and still preserve intact
their ability to adopt the native docked conformation.

The effect on the tertiary structure was also studied for the three mentioned denaturing
agents and a comparison with previously measured data for urea was performed. The results
indicate that the global effect of these denaturants on the ligand-free aptamer takes place
mostly via destabilization of the docked state. The results are consistent with a
conformational search model, where the rate-limiting step for ligand-free docking involves the
formation of stable tertiary contacts between the loops located at the end of the P2 and P3
stems and the addition of denaturant makes the formation of these native interactions less
favorable.

Experiments in presence of ligand for using formamide indicate that the formation of the
aptamer-ligand complex protects the ligand-bound docked state against denaturation.

The effect of monovalent and divalent cations in presence of formamide was also preliminary
studied, showing that the effect of this denaturant can be neutralized by increasing the
concentration of magnesium ions. This observed dependence of the effect of the formamide on
the magnesium concentration opens the door to future studies using single-molecule chemical
denaturation to reveal the mechanistic role of the magnesium ions. Contrarily to what
happen with denaturant or magnesium-induce changes in K, the main influence of the
increase in Na™ concentration at saturating concentrations of denaturant is on ky,. instead of
Eundocks SUggesting that the stability of the docked state in presence of denaturant is limited by
the absence of divalent metal ions. However, in order to firmly support this conclusion,
further data has to be taken in order to obtain quantitative values for the rate constants.

229



Summarizing Discussion and Conclusions

As a conclusion, the objectives fulfilled in this thesis can be briefly summarized as follows:

Most of the content in this work was dedicated to Fluorescence Correlation Spectroscopy
(FCS) technique. In-depth studies on the dynamic behavior of different host-guest systems
were carried out, such as the interaction between different types of fluorescent dyes and
surfactants or the interaction between a DNA minor groove binder and different DNA
sequences. In all cases, the results discussed here led to significant contributions for a better
understanding of the mechanisms involved in this type of supramolecular associations.

The potential and limitations of FCS, as well as the influence of important factors such as the
contrast in the brightness of free and bound dye (brightness ratio) or the fluorescent
impurities present in the samples were analyzed in detail, providing through different plots
and equations very useful guidance for the use of FCS to study a broad range of
supramolecular host-guest systems.

Additionally, single-molecule FRET in combination with total internal reflection fluorescence
(TIRF) microscopy was used to investigate RNA folding kinetics, since conformational
changes of biomolecules typically present too slow dynamics to be measured by a
free-diffusion-molecule technique as FCS. The chemical denaturation approach was tested in
order to study the response of the add aptamer domain of the Adenine riboswitch at different
concentrations of ligand, monovalent cations and divalent metal ions, opening the door to
further studies to unveil their role in the folding mechanism.
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Resumen

Esta tesis se basa en la aplicaciéon de técnicas de deteccién de fluorescencia de moléculas
individuales (SMF, por sus siglas en inglés) al estudio a nivel molecular y supramolecular de
la estabilidad y el comportamiento dindmico de distintos sistemas quimicos y bioquimicos.

La mayor parte del contenido se dedica a la optimizacion y aplicaciéon de la técnica SMF de
Espectroscopia de Correlacion de Fluorescencia (FCS) (Gell et al. 2006; Rigler and Elson
2001; Sauer et al. 2011; Selvin and Ha 2008; Thompson 1991; Zander et al. 2002). Esta
técnica estudia las moléculas mientras difunden libremente en disolucién, de manera que el
tiempo de observacion de una molécula esta, por tanto, limitado a su transito a través del
volumen de excitacién y deteccién dados por la éptica de un microscopio confocal, por lo que
se utiliza para estudiar procesos con dindmicas répidas (escalas temporales inferiores a 1 ms).

Para estudiar procesos més lentos se hace necesaria la inmovilizacién de moléculas sobre una
superficie permitiendo observarlas durante tiempos méas largos. Esta es la estrategia seguida
en la segunda de las técnicas SMF utilizadas en esta tesis, la Transmision de Energia de
Resonancia de moléculas individuales en un microscopio de Fluorescencia de Reflexion
Interna Total (sm-FRET/TIRF) cuyos experimentos fueron llevados a cabo durante una
estancia en el laboratorio del Dr. Carlos Penedo en la Universidad de St. Andrews, Escocia.

La aplicacion de FCS se centr6 en sistemas anfitrion-huésped (host-guest), llevandose a cabo
estudios de la interaccién entre colorantes fluorescentes de distinta naturaleza o moléculas
marcadas con fluoréforos y macromoléculas tales como ciclodextrinas, micelas o distintas
cadenas de nucledtidos de ADN. En todos los casos los resultados discutidos han conducido a
contribuciones significativas a la hora de avanzar en el entendimiento de los mecanismos
involucrados en este tipo de asociaciones supramoleculares. A su vez se ha pretendido sentar
las bases para la utilizacién de FCS como herramienta en el estudio de un amplio rango de
sistemas supramoleculares de tipo host-guest.

También se incluye en esta tesis el estudio de los cambios conformacionales en aptameros de
ARNm. La dindmica de este tipo de sistemas es demasiado lenta para que su estudio pueda
ser abordado mediante FCS, por lo que el sistema se investiga mediante inmovilizacién de las


https://es.wikipedia.org/wiki/Reflexi%C3%B3n_interna_total
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moléculas sobre una superficie para estudiarlas mediante sm-FRET en combinaciéon con
microscopia TIRF.

Capitulo I: Deteccién de Fluorescencia de Moléculas Individuales (SMFD).

En el Capitulo I se hace una breve introduccién a la detecciéon de moléculas individuales
mediante fluorescencia, llevando a cabo una descripcién detallada de la técnica de FCS:
componentes, montaje, principales ecuaciones en el analisis de datos, etc.

En la FEspectrocopia de Correlacién de Fluorescencia se analizan las fluctuaciones en la
intensidad de fluorescencia, que pueden ser debidas principalmente a tres causas: la difusién
de las moléculas entrando y saliendo del volumen de deteccién (unos pocos femtolitros en los
que suele haber de 1 a 10 moléculas), reacciones quimicas, cambios estructurales o cualquier
otro tipo de proceso que afecte a senal de fluorescencia de las moléculas en torno a su valor
de equilibrio. La escala temporal de cada uno de estos procesos puede obtenerse del analisis a
la funcién de autocorrelacion de la traza intensidad vs. tiempo, de modo que cada uno de los
mismos aparece a un tiempo de correlacién que corresponde a su escala temporal tipica.

En este capitulo se recogen también algunos aspectos practicos, fruto de la optimizacién de la
técnica en su aplicacién a los distintos sistemas estudiados. Se aportan soluciones al tema de
la calibraciéon del tamafio del foco, la preparaciéon de muestras durante titraciones o la
influencia del grosor del cubreobjetos sobre el que se coloca la muestra.

Para poder obtener un valor absoluto del coeficiente de difusién de una especie a partir de su
tiempo de difusién determinado en FCS, es necesario calibrar el equipo ya que el tiempo de
difusién viene dado por el tamafio del foco, que depende de cada equipo y ademaéas puede
sufrir variaciones con los ajustes diarios que se realizan al sistema Optico. La solucién pasa
por medir cada dia una especie de coeficiente de difusién conocido cuya relacién con el tiempo
de difusiéon se utilizard para transformar los demés tiempos de difusiéon a coeficientes de
difusiéon. En este caso se tomé como referencia el coeficiente de difusiéon dado por Muller
(Muller et al. 2008) para la rodamina 6G, que fue determinado utilizando FCS de dos focos,
que permite obtener valores absolutos del coeficiente de difusién. A partir de este valor se
utilizaron las relaciones dadas por Gendron et al. (2008) para obtener el valor para otras
rodaminas lo que sirvié para establecer un punto de referencia comun para calcular
coeficientes de difusién absolutos para las dos longitudes de onda de excitacién utilizadas en
esta tesis (405 y 488 nm).

La influencia del grosor del cubreobjetos en las medidas de FCS ya fue descrita anteriormente
en la bibliografia (Enderlein et al. 2005). Sin embargo, se hace necesario comprobar la
sensibilidad de cada equipo a este factor. Al hacerlo se determiné una importante variabilidad

232



Estudio de la Dinamica en Sistemas Supramoleculares de Interés Biologico mediante SMF

en el grosor entre los distintos cubreobjetos utilizados e incluso dentro del mismo. Se observé
que esta desviacion tiene una influencia significativa en los resultados, incrementando los
valores del tiempo de difusién si el efecto no se corrige ajustando el collar de correccién del
objetivo a la posicion adecuada en cada medida. Finalmente el problema fue resuelto con la
utilizacién de placas multipocillo. Siguiendo un cuidadoso protocolo de preparacién de
muestras por el método de dilucidén-extraccion, estas placas permiten llevar a cabo todas las
medidas de una misma serie en el mismo pocillo, evitando la influencia por las desviaciones en

el grosor del cubreobjetos.

Por tltimo, en este primer capitulo se dedica una amplia seccién al efecto que impurezas
fluorescentes tienen en las medidas de FCS. En este sentido, se llevdé a cabo una profunda
discusion en la cual se dedujeron ecuaciones y modelos para relacionar las caracteristicas mas
importantes de una impureza (concentracién y luminosidad) con su influencia en los
parametros obtenidos del ajuste a las curvas de FCS. Se definieron tres relaciones (en
intensidad, f; ntmero, fy; y luminosidad, f;) para expresar la contribuciéon de la impureza en
relacion al fluoréforo principal. Esto permitié la deduccion de expresiones generales y graficas
para predecir el efecto de una impureza en los pardmetros mds importantes obtenidos del
ajuste a una curva de FCS: el nimero de moléculas aparente, N, y tiempo de difusion, 7.

Se encontré que las impurezas tienen una gran influencia en el nimero de moléculas aparente,
N. Este efecto puede ser determinado a partir de la contribucién de las impurezas a la
intensidad de senal. Para una misma contribuciéon en la intensidad, el caso de maxima
influencia se da en aquella situacién con impurezas en gran concentracién pero poca
luminosidad. Asi, en casos en los que la impureza es mucho menos luminosa que el fluorédforo
de interés (menor al 1 %) pero con altas contribuciones en la intensidad de senal (hasta un
50 %), la influencia en el nimero de moléculas va ser muy grande, sin embargo, la influencia
en el tiempo de difusion serd despreciable. La luz dispersa que viene de disolvente es un claro
ejemplo de esta situacién. Al contrario de lo que ocurre con el numero de moléculas, el tiempo
de difusiéon se va a ver mucho mas afectado por la presencia de impurezas de alta
luminosidad. También, cuanto mayor sea la diferencia en tamafio entre la impureza y el

fluoréforo mayor sera la influencia en el tiempo de difusion.

De manera particular se estudié el caso concreto de la influencia de impurezas fluorescentes
en el nimero de moléculas aparente durante titraciones para el estudio de complejaciones
host-guest. Ya que en varias ocasiones al estudiar distintos sistemas se obtuvieron series de
curvas de FCS en donde se observaba un inesperado aumento en NN, a pesar de mantener la
concentracion de fluoréforo constante durante toda la titracién. A partir de las ecuaciones
deducidas para la influencia de una impureza fluorescente se desarrollaron dos modelos para
determinar si dicho aumento podia explicarse en base a la presencia de impurezas en alguno
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de los dos stocks, host o guest, utilizados para preparar las distintas muestras. Se observa que
en el caso de una impureza en el stock de la especie fluorescente (normalmente el guest), ésta
solo dard lugar a un amento en el nimero de moléculas si la relaciéon de luminosidades entre
el guest fluorescente y la impureza depende de la concentracién de host anadido. Los modelos
propuestos permiten que determinando de dos de las tres relaciones f, fv v fq se pueda
predecir la influencia tanto en el niimero de moléculas como en el tiempo de difusién. Todo
ello ayuda a interpretar correctamente los resultados obtenidos en FCS, y distinguir entre
aquellos efectos causados por una impureza y los debidos a la interaccién entre host y guest.
De este modo los calculos y andlisis discutidos en esta seccion permiten el estudio de sistemas
con cierto nivel de impurezas incluso cuando los efectos de la interacciéon entre host y guest
son débiles, ya que hace posible el determinar si una determinada variacién en un pardametro
puede ser o no atribuida a la impureza.

Capitulo II: Interacciones Host-Guest estudiadas mediante Técnicas de
Fluorescencia.

En el Capitulo II se recogen estudios sobre varios sistemas host-guest. A través de tres
trabajos ya publicados se discuten los factores que controlan la estructura y la estabilidad de
estos complejos supramoleculares.

En un primer trabajo se aborda el estudio fluorimétrico de la complejacién de las pironinas Y
y B con y-ciclodextrina (yCD) (Bordello et al. 2009), como continuaciéon de un trabajo
anterior realizado en el grupo de investigacién para la BCD (Reija et al. 2005) que presenta
un tamano menor de la cavidad. El efecto de la complejacién con yCD sobre los espectros de
absorcion y de emision de las pironinas es similar al observado con BCD, con una importante
disminucién en el rendimiento cudntico de fluorescencia y sélo un ligero desplazamiento de los
espectros. No obstante, aparecen cambios adicionales muy significativos en los espectros de
absorcién que se atribuyen a la formacion de dimeros de pironina favorecida por la presencia
de la ciclodextrina con mayor tamano de cavidad. En este trabajo se estudiaron los equilibrios
de complejacion y dimerizacién y se determinaron las constantes de equilibrio y los espectros
puros de las especies implicadas. Se discutié también el diferente comportamiento de ambas
pironinas y la estabilidad de sus dineros, y los complejos 1:1 y 2:1 con yCD.

En un segundo trabajo incluido en este capitulo se recoge el estudio de la interaccién entre el
Adamantano y la B-ciclodextrina (Granadero et al. 2010). A través de este estudio se muestra
como utilizando FCS, la constante de equilibrio para sistemas host-guest puede ser
determinada analizando la variacién en el coeficiente de difusion de la especie fluorescente (ya
sea host o guest) sin necesidad de un cambio en las propiedades fotofisicas de la sonda
fluorescente, lo cual contrasta con el uso de las técnicas més estandar de Absorcion UV/ Visy
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Espectroscopia de Fluorescencia en donde se requiere de un cambio en el espectro de
absorcién o emisiéon como resultado de la complejacion para que el equilibrio pueda ser
estudiado. Siguiendo la estrategia indicada en este trabajo, utilizando FCS se puede abordar
el estudio de casi cualquier sistema host-guest, con el tinico requisito de que una de las dos
especies esté marcada con un fluoréforo.

Sin embargo, el mayor potencial de la técnica de FCS reside en su capacidad para determinar
constantes cinéticas de asociaciéon o disociacion en este tipo de sistemas, siempre que la
intensidad de fluorescencia de una de las dos especies cambie al producirse la complejacién.
Ademas FCS permite la comparacion de las constantes cinéticas obtenidas para un
determinado sistema con aquellas de un proceso controlado por difusién, de modo que este
estudio de la dindamica de asociacion conduce a un mejor entendimiento del mecanismo
seguido en cada caso. En el tercer trabajo incluido en este capitulo (Novo et al. 2011) se
recogen resultados para la dindmica de distintos sistemas host-guest, y se compara
mecanisticamente el comportamiento de las ciclodextrinas con hosts de distinta naturaleza
como son las micelas. Se concluye que las ciclodextrinas actian como cuerpos rigidos, con
importantes restricciones geométricas y de orientacion ante la inclusion de un guest
hidrofébico, mientras que la naturaleza multimérica de las micelas hace que se comporten
como cuerpos blandos sin restricciones geométricas a la asociacion.

Capitulo III: Estudio de la Dindmica de Intercambio de un Colorante Hidrofébico
Neutro en Disoluciones Micelares mediante FCS.

El Capitulo IIT se basa también en un trabajo ya publicado. En éste se discute el papel de la
relacion de luminosidades del fluoréforo durante el proceso de asociacién para aumentar la
sensibilidad de la técnica de FCS en la determinacion de las constantes cinéticas en la
formacién de complejos de inclusién. En este capitulo se estudia la dindmica de intercambio
del colorante cumarina 152 (C152) entre las micelas del surfactante neutro Triton X-100
(TX100) y la fase acuosa. Estos resultados se comparan con resultados previos para
colorantes catiénicos, como la rodamina 123, que tipicamente muestran una variacién inversa
en la relacion de luminosidades.

El estudio de interacciones de tipo hidrofébico en sistemas coloidales mediante FCS requiere
de sondas fluorescentes neutras, que tipicamente presentan menor luminosidad, peor
fotoestabilidad y, por lo general, necesitan de una longitud de onda de excitacién menor en
comparacién con los colorantes cargados que se suelen utilizar en FCS. En este trabajo, se
discute que la dindmica de asociacién para un sistema host-guest puede ser estudiada
mediante FCS utilizando un colorante hidrofébico a pesar de las numerosas desventajas que
éste presenta. Con el estudio de la interaccién entre la C152 y el TX100 se demuestra que
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una selecciéon de las condiciones de medida teniendo en cuenta el contraste del colorante hace
posible obtener las propiedades difusionales y dindmicas con una precisién razonable. La
discusion sobre la influencia del contraste en la luminosidad entre el colorante libre y asociado
a las micelas (relacién de luminosidades, ¢) concluye que éste tiene un gran efecto sobre la
sensibilidad del experimento para determinar la dindmica de asociaciéon. Las simulaciones
incluidas en este capitulo muestran como un alto contraste, ¢ > 1, lleva a que se alcancen
valores elevados de la amplitud del término de reaccién a bajas concentraciones de micelas, lo
cual significa que las medidas idéneas para determinar la constante cinética en dichas

condiciones seran a bajas concentraciones de surfactante.

Los valores obtenidos para las constantes cinéticas del sistema confirman que las micelas de
TX100 permiten una asociacién del colorante C152 limitada por difusién. Esto hace que la
constante de equilibrio y la constante de relajacion del sistema vengan dadas principalmente
por la constante cinética de disociaciéon, que muestra una fuerte dependencia de las
interacciones especificas entre colorante y micela.

A la vista de los resultados, se puede concluir que FCS permite el uso de ambos tipos de
colorantes, neutros y cargados, abriendo el camino a estudios sistematicos de la dinamica de
intercambio de materia en series de sistemas coloidales neutros e idnicos, y asi evaluar el

papel de las fuerzas de naturaleza electrostitica en comparacién con otras interacciones mas

débiles.

Capitulo IV: Estudio de la Dinamica de un ligando del surco menor del ADN
mediante FCS.

En el Capitulo IV se utilizé la técnica de FCS para investigar la afinidad y la dindmica de
asociacion de ligandos sintéticos a distintas secuencias de ADN. Parte de los resultados mas
relevantes ya han sido publicados en una comunicacién (Bordello et al. 2012).

Para posibilitar por primera vez el estudio mediante FCS de la dindmica de asociaciéon de un
ligando del surco menor a secuencias de ADN de distintas afinidades, se establecié una
colaboracién con el grupo de los profesores José Luis Mascarefias y Eugenio Vazquez Sentis
(USC) desde donde se realizé la sintesis de un nuevo derivado de la familia de las
bis-benzamidinas (ligandos catiénicos que se unen al surco menor del ADN) marcado con
Oregon Green (fluoréforo aniénico).

La utilizacién de este ligando modificado lleva a una dindmica de disociacién més réapida que
la tipica de ligandos del surco menor, haciendo el estudio de la asociaciéon accesible a una
técnica SMF de alta sensibilidad como es FCS.
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En este trabajo se obtuvieron valores para la constante de equilibrio, las constantes cinéticas
de asociacién y disociacion, y también los coeficientes de difusién, que son necesarios para
estimar las constantes cinéticas que marcan el control por difusién del proceso. La
comparacién de la dindmica de asociacién de este ligando a diferentes secuencias de ADN de
distinta longitud permitié identificar el paso limitante de la velocidad del proceso y evaluar la
importancia de mecanismos como el deslizamiento o la difusiéon en dos dimensiones comunes
en la asociacién de determinados ligandos a proteinas. FCS revelé6 que la dindmica de
asociacién del proceso del ligando estudiado al ADN de doble cadena no estd controlada por
difusién, sino por la insercion del ligando en el lugar especifico del surco, como muestran las
constantes cinéticas de cada una de las etapas del proceso de asociaciéon. La especificidad de
estos ligandos a secuencias de alta afinidad (ricas en bases AT), parece estar determinado
principalmente por el proceso de asociacién, mientras que la afinidad de la unién depende
fuertemente de la velocidad de disociacion.

Las constantes cinéticas de asociacién obtenidas para este ligando fueron muy similares a las
existentes en la bibliografia para ligandos tipicos del surco menor. En consecuencia, el
mecanismo propuesto podria constituir un mecanismo general para ligandos del surco menor
de pequeno tamano, aunque esta afirmacién tendrd que ser confirmada en futuros estudios
con otros ligandos tipicos del surco menor.

A través de un estudio de la fotofisica de este ligando se probd que la bis-benzamidina induce
una desactivacién (quenching) sobre el Oregon Green. Este quenching desaparece al
complejarse el ligando con el ADN, de modo que este cambio en la luminosidad permite la
obtencién de las constantes cinéticas de asociacion y disociacién mediante FCS.

La modificacién de este ligando aumentando el nimero de enlaces en la unién entre la
bis-benzamidina y el Oregon Green permitié demostrar que, tanto la eficiencia del quenching
como los valores de la constante cinética de disociaciéon con el ADN, pueden ser modificados
variando la longitud de la unién entre ambas moléculas.

Capitulo V: Estudio de la Dinamica de Plegamiento de Riboswitches mediante
FRET de Moléculas Individuales y TIRF.

Como se comentd anteriormente, por estudiar moléculas en difusién libre, FCS esta
restringida al estudio de sistemas que presentan dindmicas réapidas, y por tanto no es fttil
para estudiar la cinética en otros tantos procesos bioldgicos que ocurren a escalas temporales
significativamente més largas que el tiempo de difusion de una molécula a través del volumen
de deteccion.
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Resumen

El estudio de estos sistemas también se puede abarcar por medio de técnicas de deteccién
SMF, aunque requieren de una estrategia diferente a la utilizada en FCS, que consiste en la
inmovilizacién de las moléculas sobre una superficie, permitiendo tiempos de observacién
mucho més largos que aquellos que se dan en montajes en las que éstas se encuentran
difundiendo libremente.

En el Capitulo V de esta tesis se recogen los resultados obtenidos durante una estancia en el
Laboratorio de Biofisica y Dindmica Biomolecular del Dr. Penedo, en la Universidad de St.
Andrews (Escocia). En este estudio se aplica dicha estrategia de inmovilizacién para estudiar
el plegamiento de aptameros de ARN, utilizando la microscopia de Fluorescencia
de Reflexion Interna Total (TIRF) en combinacién con la Transmision de Energia de
Resonancia de moléculas individuales (smFRET) para identificar transiciones en el cambio de
conformacién y caracterizar estos cambios en la ruta de desnaturalizacién quimica de un

riboswitch (ARNm), a la vez que se proporciona informacién sobre la cinética del proceso.

Un riboswitch es un fragmento de ARNm que es capaz de unirse especificamente a un
metabolito (ligando). La parte de la secuencia de ARN donde se da esta unién se denomina
aptamero, como resultado éste cambia su conformacién (estructura terciaria) afectando a una
segundo dominio denominado plataforma de expresion responsable de la regulacién de la
expresiéon génica. El aptamero puede encontrarse en distintas conformaciones, plegado o
desplegado, siendo también sensible a la presencia de cationes monovalentes y divalentes.

Concretamente la combinacion de smFRET y la desnaturalizaciéon quimica fue utilizada para
evaluar comparativamente la dindmica de plegamiento y la estabilidad de la forma sin
ligando del aptdmero del add riboswitch utilizando tres agentes desnaturalizantes: prolina,
betaina y formamida. Se comprobé la compatibilidad de estos tres agentes desnaturalizantes,
que se utilizan por primera vez en sm-FRET, con los protocolos de pasivado de la superficie e
inmovilizacién de las moléculas.

Los resultados mostraron que para la formamida la concentracién podia incrementarse hasta
alcanzar una unica poblacién de aptameros en estado desplegado en presencia de cationes
magnesio y sodio. Se observé que a mayores concentraciones de formamida se induce un
cambio en el indice de refraccion que introduce distorsiones significativas en la onda
evanescente generada en la interfase cuarzo-agua. Tanto para la prolina como para la betaina,
ya a menores concentraciones el anclaje de las cadenas de ARN a la superficie empieza a
romperse antes de que el equilibrio se mueva completamente al estado desplegado.

También se demuestra que la desnaturalizacion quimica puede ajustarse de tal modo que
afecte tnicamente a las interacciones terciarias de la estructura del ARN, siendo posible
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romper también la estructura secundaria cuando eliminamos del medio los cationes en
presencia del agente desnaturalizante. Se demostrd también que aptameros individuales
pueden someterse a ciclos secuenciales de plegamientos y desplegamientos y preservar intacta
su capacidad de adoptar la conformacién nativa plegada.

El efecto en la estructura terciaria se estudié para los tres agentes desnaturalizantes antes
mencionados, llevando a cabo también una comparacion con datos medidos previamente para
un agente desnaturalizante tipico como es la urea. Los resultados indican que el efecto global
de estos agentes desnaturalizantes sobre la forma libre (sin ligando) del aptamero tiene lugar
principalmente mediante la desestabilizacién del estado plegado. Este hecho es consistente
con el modelo de bisqueda conformacional, donde el paso limitante de la velocidad para el
plegamiento de la forma libre del aptamero conlleva la formacién de contactos estables a nivel
terciario y que la adicién de agente desnaturalizante hace la formacién de estas interacciones

de la conformacién nativa menos favorables.

Experimentos en presencia de ligando utilizando formamida indica que la formacién del
aptamero complejado (con el ligando) protege el estado plegado contra la desnaturalizacion.

El efecto de cationes monovalentes y divalentes en presencia de formamida también fue
estudiado de manera preliminar, mostrando que el efecto de este agente desnaturalizante
puede ser neutralizado incrementando la concentracién de iones magnesio. La dependencia de
la concentracién de magnesio observada sobre el efecto de la formamida abre la puerta a
futuros estudios utilizando desnaturalizacién quimica de moléculas individuales para desvelar
el papel mecanistico que juegan los cationes divalentes. Contrariamente a lo que ocurre con
cambios en la constante de equilibrio entre los estados plegado y desplegado inducidos por
agentes desnaturalizantes o por el magnesio, el incremento de iones sodio afecta
principalmente a la constante cinética de plegamiento en lugar de a la de desplegamiento,
sugiriendo que la estabilidad de estado plegado en presencia de agente desnaturalizante es
limitada por la ausencia de iones metalicos divalentes. Sin embargo, para poder realizar esta
afirmacién de manera concluyente, se han de tomar nuevos datos para obtener valores

cuantitativos para las constantes cinéticas.
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ARTICLES

Host-Assisted Guest Self-Assembly: Enhancement of the
Dimerization of Pyronines Y and B by y-Cyclodextrin

Jorge Bordello, Belén Reija, Wajih Al-Soufi,* and Mercedes Novo*™

The role of small variations in the structural properties of host
and guest molecules on the stoichiometry and strength of sup-
ramolecular associations is analyzed. Earlier we found that a
change in substituents from pyronine B to pyronine Y has a
dramatic effect on both the stability and the dynamics of the
association of these guests with B-cyclodextrin as host. Now
we study the association between these two pyronines and a
cyclodextrin with a bigger cavity (y-cyclodextrin) using UV/Vis
absorption and fluorescence spectroscopy. The absorption
spectra of the pyronines show complex variations with cyclo-
dextrin concentration indicating that pyronine dimerization is

1. Introduction

Knowledge of the structural factors controlling non-covalent
host-guest interactions is fundamental for the understanding
of molecular recognition phenomena in biological systems,
and it is also of great importance for the design of functional
supramolecular systems with a wide range of applications.
Structure and stability of supramolecular host-guest assem-
blies depend sensitively on the properties of host and guest
molecules. Analysis of the dynamics of supramolecular associa-
tion by fluorescence correlation spectroscopy (FCS) has shown
the important interplay between geometrical requirements
and specific interactions between host and guest."? The over-
all stability of the assembly depends on the balance between
the geometric and orientational requirements limiting the as-
sociation rate constant and the strength of specific interactions
controlling the dissociation process. Subtle changes in the geo-
metry or electronic structure of host or guest can have a big
influence on this balance and may lead to big changes in the
stability or even on the type of the supramolecular species
formed.

Cyclodextrin inclusion complexes are simple and useful
models for the study of this kind of intermolecular host-guest
interactions. Cyclodextrins (CDs) are toroidally shaped polysac-
charides with a highly hydrophobic central cavity that allows
them to form inclusion complexes with many organic sub-
strates.

Earlier we studied the host-guest interactions between the
pyronines Y (PY) and B (PB) and B-cyclodextrin (3CD)."* It was
found that these two xanthene dyes (Figure 1) form inclusion
complexes of stoichiometry 1:1 with $CD. The values of the
corresponding stability constants show that the complex
PB:pCD is about five times more stable than the complex
PY:BCD. Specific interactions between the xanthene moiety

ChemPhysChem 2009, 10, 931-939
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strongly enhanced inside the cavity of the cyclodextrin. A full
model is proposed and the equilibrium constants of the in-
volved processes and the absorption and emission spectra of
the different species are estimated. The equilibrium constants
of the formation of complexed dimers are much higher than
those for free dimerization or for the inclusion of a single
guest. The y-cyclodextrin host acts like a belt to assist the
guest self-assembly. The differences in the stability of pyronine
B and pyronine Y dimers are explained on the basis of their
structure and geometry.

Figure 1. Structures and cavity sizes of BCD and yCD and structures of pyro-
nines Y and B.

and the electron-rich oxygens of the cyclodextrin cavity were
suggested to be responsible for the stability of the complexes,
as well as for their different photophysical properties with re-
spect to free pyronines in aqueous solution. Dynamic studies
performed by FCS yielded the individual rate constants of the
association and dissociation processes."” The association rate
constants of the two pyronines with BCD are similar, but much
lower than that of a diffusion-controlled collision process,
which is attributed to geometrical and orientational require-
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ments during the inclusion. The dissociation rate constant of
the complex PB:BCD is, however, significantly smaller than that
of PY:BCD. These results confirmed that the different stability
of the two complexes is due to the specific host-guest interac-
tions controlling the dissociation rate and not because of the
guest geometry itself.

In order to understand better the factors controlling the sta-
bility of cyclodextrin complexes, further studies were per-
formed with the same pyronines and a cyclodextrin of wider
cavity, the y-cyclodextrin (yCD). yCD is built up from eight glu-
copyranose units instead of the seven units of BCD so that the
diameter of its inner cavity is about 20% larger than that of
BCD (Figure 1) FCS studies yielded values of the association
rate constants of the pyronines with yCD that are significantly
larger than with BCD, as expected due to the lower geometri-
cal restrictions imposed by the bigger cavity during inclusion
of the guest.m Nevertheless, the dissociation rate constants in-
crease even more due to weaker specific interactions between
guest and host in the bigger cavity of YCD, so that the overall
stability of the pyronine:yCD complexes is much lower than
that of the pyronine:3CD complexes.

Apart from the differences in the association dynamics, the
increase of the cavity size from BCD to yCD leads to further in-
teresting changes in the complexation behaviour of the pyro-
nines, which are analyzed herein. The association equilibria be-
tween the pyronines and yCD are studied by means of absorp-
tion and fluorescence spectroscopy in order to determine the
stoichiometries of the complexes formed, to obtain their corre-
sponding stability constants and to characterize their struc-
tures on the basis of their photophysical properties.

The formation of inclusion complexes between pyronines PB
and PY and the three natural cyclodextrins was studied earlier
by Schiller et al. using equilibrium and temperature-jump visi-
ble spectrophotometry.*” Nevertheless, the experimental con-
ditions used (low CD concentrations and presence of
1.0 moldm 3 NaCl in the aqueous solutions) and the strong ap-
proximations applied in the data analysis make their results
unreliable. It is known that high ionic strengths have a great
influence on the dye aggregation processes, which are impor-
tant in the systems under study.®

2. Results

Series of absorption spectra (about fifteen spectra in each
series) of each pyronine in the presence of different concentra-
tions of yCD were measured. Figure 2 shows some of the spec-
tra for each series. As the concentration of yCD is increased, a
decrease in the apparent molar absorptivity at the pyronine
absorption maximum is first observed together with an in-
crease of the absorptivity at the shoulder (see insets in
Figure 2). At higher yCD concentrations the molar absorptivity
at the shoulder decreases again and, in the case of PB, an in-
crease in molar absorptivity is also observed at the pyronine
absorption maximum. There are no clear isosbestic points for
the entire range of YCD concentrations.

The possible aggregation of PY and PB in aqueous solution
was studied by measuring series of absorption spectra of solu-
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Figure 2. Absorption spectra of PY and PB in aqueous solution in the pres-
ence of different concentrations of yCD (0 to 0.050 moldm ) at fixed pyro-
nine concentrations (3.6x 10> moldm 3 for PY and 6.6 x 10> moldm 3 for
PB). Insets: Plots of the apparent molar absorptivity (in dm®mol'cm ™) at
two selected wavelengths versus yCD concentration.

tions with increasing pyronine concentrations (20 to 30 spectra
in each series). Those absorption spectra are represented in
Figure 3 in terms of the apparent molar absorptivity, which
allows a better appreciation of the spectral changes as the
concentration of pyronine is increased.

o

N RO

app

£ 1M0*dm’ mol"em™

/10" dm® mol”" cm™

520 540 560 580 600
Alnm

60 480 500

Figure 3. Absorption spectra of PY and PB in aqueous solution as a function
of pyronine concentration, varying from 8x10°° to 1.1x10~* moldm* for
PY and from 3x107° to 1.0x 10~* moldm~* for PB.

A systematic decrease of the apparent molar absorptivity at
the pyronine absorption maxima with increasing pyronine con-
centrations is observed, together with an increase of the ab-
sorption at the shoulder in the case of PY. Clear isosbestic
points are observed for both pyronines. In accordance, the
plots of absorbance versus pyronine concentration show clear
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deviations from linearity at concentrations higher than
2x107° moldm™. Stray light effects were ruled out as the ex-
perimental conditions were chosen to be within the linear
range of the spectrophotometer, but a small contribution of
the pyronine fluorescence emission was detected at the high-
est concentrations in the wavelength range where absorption
and emission spectra overlap.

Series of emission spectra of the two pyronines in the pres-
ence of different concentrations of yCD were measured
(Figure 4). In both cases a decrease in the fluorescence intensi-
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Figure 4. Corrected emission spectra of PY and PB in aqueous solution in
the presence of different concentrations of yCD (0 to 0.027 moldm 3 at
fixed pyronine concentration (2.0x 10~ moldm~ for both PY and PB).
Insets: Plots of fluorescence intensity at 565 nm versus yCD concentration.

ty is observed as the concentration of yCD is increased, to-
gether with a slight shift of the emission spectrum to higher
wavelengths. The plots of the fluorescence intensity versus
vYCD concentration (insets in Figure 4) show that the decrease
is steeper for PB than for PY.

Time-resolved fluorescence measurements were performed
for solutions of the pyronines at different concentrations of
vyCD. Table 1 gives the fluorescence lifetimes and amplitudes
obtained in the fits of a multiexponential model to the fluores-
cence decays. In the absence of yCD and at low concentrations
the decays are monoexponential for PY and biexponential for
PB, although in the latter the second lifetime has a minor con-
tribution that is independent of the yCD concentration. At a
vCD concentration of 0.050 moldm 3 and larger, a shorter life-
time is detected whose amplitude seems to increase slightly
with the concentration of yCD. Since all the lifetimes are short
for the time resolution of the instrument used, it was necessary
to fix one of the lifetime values in some of the fits to avoid pa-
rameter correlation. This might have some effect on the ampli-
tude values, which are highly dependent on slight changes of
the lifetime values.
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Table 1. Fluorescence lifetimes, amplitudes and chi square values ob-
tained in the individual fits of a multiexponentional model to the fluores-
cence decays of PY and PB in the presence of different concentrations of
YCD (pyronine concentration=1.0x10"° moldm~). The sum of the am-
plitudes (A) is normalized to 100 to facilitate comparison.
[yCD] [moldm™] 7, [nsl (A,) T, [ns] (A)) whnsl(A)
PY 4vCD
0 1.687 £0.004 1.10
(100)
0.00025 1.689 +0.004 1.01
(100)
0.0015 1.689 +£0.004 1.16
(100)
0.0050 1.24+0.2 1.81+0.06 1.09
(30) (70)
0.0100 1.09+0.05 1.8 (fixed) 1.07
(30) (70)
0.0300 1.07+£0.05 1.8 (fixed) 1.13
(30) (70)
0.0500 1.1+£0.1 1.85+0.04 113
(36) (64)
PB+yCD
0 1.07 +£0.02 23+04 1.08
97) 3)
0.00025 1.08+0.02 26+0.6 1.1
(97) 3)
0.00075 1.049+£0.006 2.5 (fixed) 1.13
97 3)
0.0015 1.034+0.02 2.1+04 1.18
(97) 3)
0.0050 0.75+0.09 1.2 (fixed) 4+1 1.21
(30) (67) Q)]
0.0100 0.79+0.08 1.2 (fixed) 3.2+0.7 0.98
(44) (53) (3)
0.0300 0.76 £0.08 1.2 (fixed) 3.0+0.5 1.04
(44) (53) (3)
0.0500 0.554+0.08 1.2 (fixed) 29403 1.16
(30) (68) (3)

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3. Discussion

3.1. Stoichiometry and Model Determination

The variations in the absorption spectra of PY and PB in the
presence of different concentrations of yCD (Figure 2) cannot
be explained by a simple 1:1 association as in the case of
BCD.® The lack of clear isosbestic points and the nonmonoton-
ic dependence of the apparent molar absorptivity with the
YCD concentration (see insets in Figure 2) show that there
must be more than two absorbing species in equilibrium.
Moreover, analysis of the series of absorption spectra with PCA
yield three to four structural components contributing to the
experimental spectra for both pyronines (Figures 1S and 2S,
Supporting Information). Therefore, formation of complexes of
higher stoichiometries must be considered. Taking into ac-
count the tendency of xanthene dyes to aggregate in aqueous
solutions®® and the bigger cavity of yCD compared to BCD, py-
ronine dimers and/or inclusion complexes of the dimers (2:1
pyronine:CD complexes) are possible species contributing to
the observed absorption spectra. As mentioned above, forma-
tion of 2:1 and even 2:2 complexes of these pyronines with
YCD has been reported in the literature, but formation of pyro-
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nine dimers was not taken into account.”” However, the ex-
perimental conditions used therein were very different to ours
and the models proposed were not satisfactorily justified.

In order to investigate the dimerization of the pyronines in
aqueous solution, absorption measurements were performed
with varying pyronine concentrations in the absence of yCD
(Figure 3). Experimental absorption spectra show systematic
variations in the apparent molar absorptivity with clear iso-
sbestic points as the concentration of pyronine is increased,
suggesting formation of dimers. This is confirmed by the re-
sults of the PCA analysis of these series of absorption spectra
up to pyronine concentrations of (6-8)x 10> moldm, that
yield two structural components which are attributed to pyro-
nine monomers and dimers (Figures 3S and 4S, Supporting In-
formation). It must be noted that, if the spectra of the solu-
tions with even higher pyronine concentrations are included in
the PCA analysis, a third component is observed due to the
contribution of fluorescence emission at long wavelengths.

Taking into account all these experimental findings, a gener-
al mechanism is proposed for the association of the pyronines
with yCD, where 1:1 and 2:1 pyronine:yCD inclusion com-
plexes are included (P:yCD and P,:yCD, respectively, in
Scheme 1). Formation of the 2:1 complexes can take place by

K
P o+ P == P
+ +
vCD 7CD
K, K,
K
PyCD + P —=—== P;:yCD

Scheme 1. Mechanism proposed to explain the association of PY and PB
with yCD in aqueous solution including four absorbing species: pyronine
monomer (P), pyronine dimer (P,), 1:1 complex (P:yCD) and 2:1 complex
(P,:yCD). These species are interconnected through four equilibria character-
ized by their corresponding equilibrium constants Ky, K;, K, and KS.

association of a second pyronine molecule with a 1:1 complex
as well as by inclusion of a pyronine dimer (P,) into the yCD
cavity. Thus, the proposed mechanism is cyclic with four spe-
cies present in equilibrium. If the concentration of pyronine is
too low to yield dimers, the 2:1 complexes can anyhow be
formed from the 1:1 complexes.

The equilibrium constants in Scheme 1 are functions of the
equilibrium concentrations of the different species as given by
Equations (1)-(4):

[P yC D]

"= [PIIyCD) M)
[P,:yCD]

% =, ]Tvc] @
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From the definitions of the equilibrium constants it is easily de-
duced that only three of them are independent, with the
fourth being combination of the others, as shown in Equa-
tion (5):

K5 = K, (5

The mechanism proposed in Scheme 1 must also be in
agreement with the results of fluorescence measurements. The
series of emission spectra with varying yCD concentrations
(Figure 4) are very similar to those obtained with fCD, where
only free pyronine and the 1:1 complex were observed.”’ As in
that case, analysis with PCA yields only two structural compo-
nents contributing to the experimental emission spectra (see
Figures 5S and 6S in the Supporting Information). This seems
to be in disagreement with the proposed mechanism but,
taking into account that the pyronine concentration used in
fluorescence measurements is much lower than in absorption
measurements, the equilibrium concentrations of pyronine
dimers should be negligible and insignificant concentrations of
the 2:1 complex are also expected to be present. Moreover,
the dimers of xanthene dyes are typically non-fluorescent® so
that even if some small amounts of those species were pres-
ent, they would not be detected in the fluorescence measure-
ments. Therefore, only two fluorescence species, free pyronine
P and 1:1 complex P:yCD are considered to contribute to the
emission spectra of the pyronines with varying yCD concentra-
tions.

The results of the time-resolved fluorescence measurements
are in perfect agreement with our interpretation. Single-fluo-
rescence lifetimes corresponding to those of the free pyronines
are obtained in the absence of yCD and at low concentrations
of yCD, whereas second shorter lifetimes are observed at
higher yCD concentrations. As in the case of $CD, the shorter
lifetimes are attributed to the 1:1 complexes of the pyronines
with yCD.® The equilibrium concentrations of these complexes
increase with YCD concentration and therefore the amplitudes
corresponding to those lifetimes increase, whereas the ampli-
tudes of the pyronine lifetimes decrease. In the case of PB, the
third residual lifetime is attributed to a hydrolysis product of
this pyronine, which was also observed in the measurements
with BCD.

3.2. Quantitative analysis

A quantitative analysis of the experimental data is necessary in
order to check the validity of the proposed mechanism and to
determine the spectra of the different species present and the
equilibrium constants involved. However, resolving such a
complex mechanism makes it necessary to follow a systematic

ChemPhysChem 2009, 10, 931 - 939
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analysis procedure. In a first step, the dimerization of the pyro-
nines in the absence of yCD is analyzed in order to determine
the corresponding equilibrium constants K, and the absorption
spectra of the dimers. The second step is the analysis of the
series of emission spectra to obtain information about the 1:1
complexation process, specially the association equilibrium
constants K. Using all this information, the series of absorption
spectra of the pyronines with different concentrations of yCD
are analyzed on the basis of the complete mechanism to
obtain the equilibrium constants K, and the absorption spectra
of the 1:1 and 2:1 complexes.

In the absence of yCD, only the dimerization process in
Scheme 1 needs to be considered, as shown in Scheme 2.

I
P + P —2= P,

Scheme 2. Dimerization of PY and PB in absence of yCD.

Taking into account the definition of K;, [Eq. (3)], the equili-
brium concentrations of the pyronine monomers and dimers
are related to the total pyronine concentration [P], as shown
in Equations (6) and (7):

pj = ol (©

. :@ﬂ — T+ 8K [P, ”

8k,

and the apparent molar absorptivity at a wavelength 1 is the
sum of contributions of these two species [Eq. (8)]:

eanl(1) = £0(A) % + ey

Pl ®
where &,(1) denotes the molar absorptivity of species X at 4.

Equation (8) can now be used as fit function in the global
analysis of the series of absorption spectra with varying pyro-
nine concentrations (Figure 3). Nevertheless, for these fits to
be correct, the distorting effect of fluorescence emission on
the absorption spectra detected at high pyronine concentra-
tions and long wavelengths should be eliminated. This implies
that either the concentration range or the wavelength range
of the analysis must be limited. For the determination of the
dimerization equilibrium constants, the whole concentration
range should be used in order to increase the contribution of
the dimer to absorption. Therefore, fits of Equation (8) were
performed using the whole concentration dataset, but only in
the short-wavelength range (440-525nm for PY and 440-
540 nm for PB). In these fits, the values of K listed in Table 2
were obtained. The order of magnitude of these values is typi-
cal for xanthene dyes,® but they are somewhat higher than
those reported for these pyronines in aqueous solution.”’ Af-
terwards the complete absorption spectra of the pyronines
monomer and dimer were determined in further fits using the
whole wavelength range but a limited concentration range (up

ChemPhysChem 2009, 10, 931-939
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Table 2. Values of the equilibrium constants defined in Scheme 1 for PY
and PB with yCD. The values of K; and K, were obtained in the fits of ab-
sorption data and those of K; in the fits of emission data, except for the
value given in parenthesis which results from the analysis of absorption
data (see text). The values of KS were calculated using Equation (5).

PY +yCD PB-+yCD

Ko [10° mol~"dm?] 30405 50408

K, [10° mol~"dm?] 0.04+0.01 (~0.07) 0.19+0.04
K, [10° mol~'dm?] 2644 8340.5

KS [10° mol ' dm’] (2.040.7)x 10° (2.240.6)x 10

to 5-6x10°moldm~3) and fixing K, to the value obtained
before (Figure 5). The spectra of the monomers coincide per-
fectly with the experimental absorption spectra of PY and PB

3 4

1

£/10" dm mol cm

3 4

/10" dm’mol'em

n s " " " ¥
460 480 500 520 540 560 580 600 620
Alnm

Figure 5. Absorption spectra of the different species present in equilibrium
in aqueous solutions of the pyronines PY and PB in the presence of yCD:
free pyronine monomer P (—), pyronine dimer P, (s++++) ), P:yCD complex
(----4) ) and P,:yCD complex (-+—¢).

at the lowest concentrations, validating the analysis procedure.
The spectra of the dimers are slightly dependent on the con-
centration range and/or the value of K used. However, absorp-
tion maximum and band splitting are not significantly affected
(see Figure 7S in the Supporting Information). These spectra
coincide very well with those published before,*'” except for
the absolute values of the molar absorptivities reported for the
dimers which are only half of the true values due to an error in
the dimer concentrations that these authors used.

The next step is the analysis of the series of emission spec-
tra. Also in this case the mechanism in Scheme 1 can be simpli-
fied, since the only fluorescent species present are the free py-
ronines and their 1:1 complexes linked by the equilibrium
given in Scheme 3:

Under the assumption that no interconversion processes
take place in the excited state (since the association and disso-
ciation rates cannot compete with K
the deactivation rates of the excit- P + yCD —= PxCD
ed species™?) and that the cyclo-
dextrin equilibrium concentration
coincides with its initial concentra-

Scheme 3. Equilibrium of 1:1
association between pyro-
nines PY and PB and yCD.
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tion (excess of yCD compared to pyronine), Equation (9) is ob-
tained for the dependence of the fluorescence intensity at a
certain wavelength, F(1), with yCD concentration:

Fo(4) + Fpyen (A)K; [YCDJq

T+ K, [yCOl, ©®

F(i) =

where Fy(d) and Fp.p(A) are the fluorescence intensities at
wavelength 4 when all the pyronine were free and complexed,
respectively.

Using Equation (9) as a fit function, a global analysis was
performed for the series of emission spectra of the two pyro-
nines with yCD. The fits were very satisfactory and gave the
values of the 1:1 association equilibrium constants K1 listed in
Table 2 and the emission spectra of species P and P:yCD
(Figure 6). The uncertainties in the K; values reflect the differ-
ences found among several series of data. The spectra of the
free pyronines obtained from our fits coincide with those
measured experimentally in the absence of cyclodextrin, again
validating the proposed model. The emission spectra calculat-
ed for the complexes P:yCD are similar to those of the com-
plexes P:3CD,® as shown in Figure 6. The good fits and the
satisfactory spectra of the species involved confirm that there
is no contribution of the pyronine aggregates to the emission,
as was also observed for the aggregates of these pyronines in
colloidal solutions."”

The results of time-resolved fluorescence measurements
(Table 1) are in agreement with the analysis above. For each
pyronine, two lifetimes whose values do not vary with the con-
centration of yCD are observed, indicating that the association
process in the excited state does not compete with the deacti-
vation process. The shorter lifetime, which is attributed to the
complex P:yCD, is not observed at the lowest yCD concentra-
tions, since the equilibrium constants K, are relatively low
(Table 2) and therefore the concentration of complex is small

Alnm
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- o
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Figure 6. Absorption and emission spectra of PY and PB as free monomers

in aqueous solution (—) and forming 1:1 complexes with BCD" (+++++) and
with yCD (----- ).
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at those concentrations. Moreover, it must be noted that both
the lifetimes of the free pyronines and those of their com-
plexes are short for the time resolution of our system, so that
it is difficult to obtain accurate values of these lifetimes. This
problem also affects the preexponential factors, which approxi-
mately show the expected tendencies (the amplitude of the
free-pyronine lifetime decreases with the concentration of yCD
and that corresponding to the complex increases) but are too
inaccurate to be quantitatively analyzed as it was done in the
case of pCD.”!

Finally, we deal with the analysis of the series of absorption
spectra of the pyronines in the presence of different concen-
trations of yCD (Figure 2). As proposed above, these spectra
are contributed by the four species in equilibrium shown in
Scheme 1. Taking into account the definitions of the equilibri-
um constants [Egs. (1)—(4)] and the matter balances for yCD
and for the pyronines, Equations (10)-(13) are obtained for the
equilibrium concentrations of the four species under condi-
tions of excess of yCD ([yCD], > [P],):

_ —(1 + K [yCD)o) + /(1 + K, [vCD]o)* + 8K5 (1 + K;[vCDJ,)[Plo

4K5(1 + K [yCDJo)
(10)
[P] = KD[P}Z an
[P -yCDJ] = K, [yCDJ,[P] (12)
[P,:yCD] = KoK, [YCDJ,[P]? (13)

The apparent molar absorptivity measured at a certain
wavelength 1 is the sum of the contributions of the four spe-
cies, as shown in Equation (14):

1
€app(4) = 8 (ep(A)[P] + ep, (1) [P] + €pycp (4)[P :vCD] (14)

+&p,4c0(4)[P2: YCD])

This equation was used as fit function in the global analysis
of the series of absorption spectra of the pyronines with fixed
pyronine concentrations and varying concentrations of yCD
(Figure 2) applying principal components gobal analysis
(PCGA). The global nonlinear fit parameters are the three equi-
librium constants (K;, K, and Kp). The molar absorptivities of
the four contributing species, which make up their characteris-
tic absorption spectra, were fitted as linear global parameters.
Nevertheless, in order to minimize statistical correlation among
these parameters, K; and K, were fixed at the values obtained
in the analysis above (Table 2) as well as the molar absorptivi-
ties of monomer and dimer of each pyronine (absorption spec-
tra shown in Figure 5). In the case of PB the fits are straightfor-
ward and very satisfactory and yield the value of K, listed in
Table 2 and the spectra of the complexes PB:yCD and PB,:yCD
shown in Figure 5. Varying the value of K; within its uncertainty
interval leads to small changes in the fitted spectrum of
PB:yCD, but has a negligible effect on the absorption spectrum
of PB,:yCD (see Figure 8S in the Supporting Information). Nev-
ertheless, in the case of PY, there is a strong correlation among
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the fit parameters K, and the molar absorptivities of the com-
plexes PY:yCD and PY,:yCD that must be controlled to get a
satisfactory fit. For this purpose, a preliminary spectrum for
PY,:yCD was determined using only the experimental data at
concentrations of yCD higher than 1.5x107°moldm™, at
which the contribution of the dimer PY, can be neglected.
Then the whole data set was analyzed in an iterative process
looking for the chi-square minimum where either the spectrum
of PY,:yCD or the value of K, was fixed as well as K, and the
spectra of PY and PY,. The best fit was achieved for the values
of K, and K, given in Table 2 and for the spectra shown in
Figure 5 of the complexes PY:yCD and PY,:yCD. The value of
K, is higher than that obtained from emission measurements,
but of the same order of magnitude. Lower values of K; pro-
voked significant distortions of the PY:yCD spectrum at the
low-wavelength range, but the value of K, (Table 2) and the
spectral properties of PY,:yCD were not significantly affected
(see Figure 8S in the Supporting Information).

The values obtained for K, are in good agreement with the
values reported in the literature for PY and PB, although in
that work the experiments were performed in aqueous solu-
tions of 1.0 mol dm~ NaCl and at 25°C."® Also absorption
spectra for the P,:yCD complexes were estimated in that work,
which have similar properties as our spectra. Nevertheless, in
those estimations it was assumed that the spectra of the
P:yCD complexes were the same as the spectra of the mono-
mers, which is a very strong assumption. Our analysis shows
that the absorption spectra of the P:yCD complexes are quite
different to those of the free monomers (Figure 5) and that
they have a strong influence on the spectra determined for
the P,:yCD complexes.

3.3. Discussion of Results

On the basis of the results presented so far we first discuss the
properties of P:CD (1:1) complexes, then the formation of com-
plexed dimers P,:yCD and finally the relative orientation of the
guests in the dimers.

As already determined in dynamic studies of these systems,
the increase in cavity size in yCD with respect to BCD has a
great effect on the stability of the P:CD complexes."? The
values obtained for the 1:1 association equilibrium constant of
the pyronines with yCD (K, in Table 2) are one order of magni-
tude smaller than those determined with BCD,® a result that
has been explained on the basis of the association dynamics
of these systems studied by FCS. Moreover, the complexes
PB:CD are about five times more stable than those formed by
PY both with BCD and yCD. This is due to the stronger interac-
tion of PB with the interior of the CD cavity that is reflected in
the smaller dissociation rate constants.” Nevertheless, P:yCD
and P:3CD complexes show very similar photophysical proper-
ties, as shown in Figure 6. Both the absorption and the emis-
sion spectra of these complexes are slightly red-shifted with re-
spect to the spectra of the corresponding free pyronines. Fluo-
rescence quantum yield decreases in the complexes with re-
spect to free pyronines as well as fluorescence lifetime, due to
the increase of the nonradiative deactivation rate constant (see
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Table 3. Fluorescence lifetimes, fluorescence quantum yields, radiative
deactivation rate constants and nonradiative deactivation rate constants
of PY and PB in aqueous solution and their 1:1 complexes with fCD and
with yCD.

T [ns] ¢ k, [10°s7"] k., [10°s7"]
pY®! 1.76 047 0.27 030
PY:BCD™ 1.08 027 0.25 0.68
PY:yCD 1.1 0.33 0.30 0.61
PB® 1.20 036 031 0.56
PB:BCD™ 0.50 0.19 0.38 1.6
PB:yCD 0.75 027 0.36 0.97

Table 3). This increase is smaller in the complexes P:yCD, again
reflecting the weaker specific interactions of the pyronines
with the CD having a bigger cavity.

However, the larger cavity size of yCD with respect to BCD
has another important effect on the complexation behaviour
of these systems, namely the efficient formation of P,:yCD
complexes that are highly stabilized through cooperative inter-
actions. These complexed pyronine dimers are already ob-
served at low pyronine concentrations where formation of free
dimers is negligible. The addition of yCD thus causes a strong
enhancement of pyronine dimerization. This effect illustrates
the great potential of CDs as molecular reactors and catalyz-
ers'>'¥ and as a tool to assist guest self-assembly. The different
complexation stoichiometries lead to a complicated mecha-
nism for the interaction of the pyronines with yCD (Scheme 1),
where pyronine dimerization is included as a second pathway
for the formation of P,:yCD complexes. For the interaction of
these pyronines with BCD the mechanism is much simpler,
since the cavity size is too small for the formation of 2:1 com-
plexes and, at the concentrations used in those measurements,
pyronine dimerization needs not to be taken into account.”

The values of the equilibrium constants given in Table 2
allow us to calculate the equilibrium concentrations of each
species present as functions of yCD concentration using Equa-
tions (10) to (13). As expected, the relative concentrations of P,
and P,:yCD are highly dependent on the total pyronine con-
centration, being negligible at the concentrations used for
emission measurements. This supports the assumption made
for the analysis of the series of emission spectra. The concen-
tration of P, decreases rapidly when adding yCD, whereas that
of P,:yCD increases at low yCD concentrations and decreases
afterwards. In spite of the low values of K; and the high values
of Ké, P:yCD concentration increases as the concentration of
vyCD is increased and it is the predominant species at high yCD
concentrations, except in the case of high dye concentrations.
This can be understood since in our studies the total pyronine
concentration is much lower than that of yCD, so that a P:yCD
complex has a very low probability to find a second free pyro-
nine molecule to form a P,:yCD complex. This would not be
the case if the dye and yCD concentrations were comparable.

The capacity of yCD to enhance pyronine dimerization can
be quantified by comparing the equilibrium constant K, with
the product K, K[f (see Scheme 1 and Table 2). Their values indi-
cate that dimer formation inside the yCD cavity is 8 and 26
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times enhanced for PB and PY respectively, relative to the
aqueous solution. Although no dynamic information is availa-
ble for the dimer formation, the high value of KS suggests the
importance of cooperative effects during the formation of the
P,yCD complexes and that hydrophobic interactions play an
important role in the stability of the pyronine dimers, as al-
ready proposed for other dyes.® Comparing the two pyro-
nines, the dimerization enhancement is significantly larger for
PY than for PB, as reflected in the higher stability constant K,
of the complex PY,:yCD compared to PB,:yCD (see Table 2).
This difference may be attributed to the better fit of two PY
molecules inside the yCD cavity in comparison to the bulkier
PB, but the necessary reorientation of the PB dimers could also
play an important role, as discussed herein.

The absorption spectra of species P, and P,:yCD obtained
by global analysis of the experimental data (Figure 5) provide
interesting information about the geometries of the dimers of
the two pyronines by applying exciton theory."*' For both
pyronines the absorption spectra of the P,:yCD complexes
show single bands which are blue-shifted with respect to the
spectra of the monomers, indicating a parallel geometry (H-
type or “sandwich”) in both cases. On the contrary, the free
dimers of PY and PB have different spectral properties. The
spectrum of PY, shows a single blue-shifted absorption band
typical of a “sandwich” H-type aggregate, whereas the spec-
trum of PB, has two bands, indicating a geometry somewhere
between a parallel dimer and a head-to-tail dimer (J-type). In
order to obtain more quantitative information about the geo-
metries of the dimers, their absorption spectra were decom-
posed in several Gaussian curves and the oscillator strength
ratios between the blue and the red bands were calculated.
For PY, and the two complexed dimers, PY,:yCD and PB,:yCD,
these ratios are higher than 1.3, confirming that they are H-
type (see Figure 7)."% In the case of PB,, the ratio of oscillator
strengths corresponds to an oblique head-to-tail dimer with an
angle between the monomer units of about 1007, as represent-
ed in Figure 7. These results suggest that PB, has to undergo a
great geometrical change when it is included inside the yCD
cavity, which should reduce the association rate constant and
may explain the lower stability of the complex PB,:yCD in
comparison to PY,:yCD.

Figure 7. Approximate geometries of the free dimers PY, and PB, and of the
complexed dimers PY,:yCD and PB,:yCD as derived from their absorption
spectra.
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The results obtained herein again give evidence of the im-
portant differences in the aggregation and complexation be-
haviour of the two pyronines derived from the simple substitu-
tion of the methyl groups by ethyl groups. In the case of the
P:CD complexes, the stability is determined by the strength of
the specific interactions between the xanthene moiety and the
interior of the CD cavity, with potential steric effects of the
side groups being negligible. On the contrary, the bulkier ethyl
groups of PB hinder parallel dimerization in the free dimers
and decrease the stability of the complexed dimer. The yCD
cavity is like a belt, assisting the self-assembly of the pyronine
dimers, which do not significantly form on their own.

Experimental Section

Materials: PY was purchased from Sigma (51% dye content) and
PB from Aldrich (57% dye content). The main impurities of these
materials are not water-soluble, so that they can be separated by
filtration of the aqueous solutions.”’ yCD (Sigma-Aldrich) was used
as delivered. The pH of the solutions was controlled by addition of
HCIO, (Merck, p.a.). Water was purified with a Milli-Q system.

Sample Preparation: Stock solutions of PY and PB were prepared as
reported before and were stable for 2-3 days when kept protected
from light.™! The absence of fluorescence impurities in these stocks
was checked by comparing the excitation and the emission fluo-
rescence spectra of diluted aqueous solutions monitored at differ-
ent emission and excitation wavelengths, respectively. The concen-
trations of the stocks were estimated using the literature value of
£=1.1x10°mol~'dm*cm™" for the molar absorptivity of both PY"”
and PB® at their respective absorption maxima. Very dilute sam-
ples were used for this estimation to avoid the effect of pyronine
aggregation. The inaccuracy of these concentrations, inferred from
the disagreement of the reported molar absorptivity values, has a
direct effect on the absolute values obtained for the equilibrium
constants but has not been taken into account for the estimation
of their errors.

Aqueous solutions for measurements were freshly prepared by di-
lution of the stocks, with pyronine concentrations in the range
(0.03-1)x10* moldm* for absorption and (0.2-1)x 10® moldm~*
for fluorescence. Dilution was made using HCIO, solutions of
pH 4.0 £0.5 instead of water in order to minimize the hydrolysis of
the pyronines. Samples of varying CD concentration were prepared
by addition of different volumes of a yCD stock solution (concen-
tration about 0.050 moldm~3). Adsorption of the pyronines on
glass surfaces caused poor reproducibility of fluorescence intensity,
especially in the case of PB. In order to minimize this problem the
glass flasks were rinsed several times with pyronine solutions of
the desired concentration and small amounts of yCD were added
to the PB stocks for the titration experiments. Also quartz cells
were used, since the adsorption on this material was negligible. No
deoxygenation of the samples for time-resolved measurements
was necessary since these pyronines have short fluorescence life-
times.

Absorption Measurements: Absorption spectra were recorded in a
Varian—-Cary 300 spectrometer using quartz cells. Baselines of 0%
and 100% transmittance were recorded with water in both sample
and reference cells. Cells of 10.0 mm and 4.0 mm path length (¢)
were used to cover a wide range of concentrations in each series
assuring that the absorbance values were within the linear range
of the spectrometer. The linear range of the spectrometer was
checked to be up to an absorbance of 4.25, as determined with
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solutions of different concentrations of methyl orange. These solu-
tions were also measured with the two cells of different path
lengths in order to obtain the exact conversion factor. The absorp-
tion spectra are shown in units of apparent molar absorptivity ,,,
(i.e. A/LC,) to eliminate the effect of the different path lengths and
dye concentrations on the measured absorbances. The optical
effect of the cyclodextrin on the absorption spectra was corrected
using a YCD solution with the same concentration as the sample
solution as reference. Temperature was kept constant at 20+1°C
during the measurements.

Fluorescence measurements: Both steady-state and time-resolved
fluorescence measurements were performed with an Edinburgh In-
struments F900 spectrofluorimeter, equipped with a Xenon lamp
of 450 W as excitation source for steady-state measurements and a
hydrogen-filled nanosecond flashlamp for lifetime measurements
using the time-correlated single-photon counting technique. Exci-
tation wavelengths were 515 nm for steady-state emission spectra
and 310 nm in time-resolved measurements. Fluorescence decays
were measured at 565 nm with a TAC resolution of 0.053 ns, but
were limited by the pulse width (typical half width 1.5 ns). All
decays were measured up to 10000 counts at maximum. Emission
spectra were corrected for the wavelength dependence of the de-
tection system. All experiments were carried out at 204+ 1°C.
Absolute quantum yields were determined using rhodamine B in
basic ethanol as the standard, with a reported value of 0.70 for its
fluorescence quantum yield."®

Data analysis: The series of absorption and emission spectra ob-
tained in the titrations with yCD were analyzed using PCGA."® This
method can be applied to series of spectra which vary with an ex-
ternal parameter, as the yCD concentration or the pyronine con-
centration in our case. The first step of PCGA is a principal compo-
nents analysis (PCA), where the minimal number of spectral com-
ponents responsible for the observed variations is obtained. This
information helps to draw up a theoretical model that is used in
the second step as a fit function for a nonlinear least-squares
global analysis using the whole spectra as a dataset. The results of
this global fit are the values of the physicochemical parameters in-
volved in the model and the individual spectra of the components.
Individual fits of fluorescence decays were performed with the soft-
ware package from Edinburgh Instruments using deconvolution of
the lamp pulse. The series of decays at different yCD concentra-
tions were also analyzed with the above-described PCGA using a
modified procedure that allows deconvolution of the lamp pulses.
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Abstract: The host-guest complexation between an Alexa 488 labelled adamantane
derivative and B-cyclodextrin is studied by Fluorescence Correlation Spectroscopy (FCS). A
1:1 complex stoichiometry and a high association equilibrium constant of K = 5.2 x 10 M
are obtained in aqueous solution at 25 °C and pH=6. The necessary experimental
conditions are discussed. FCS proves to be an excellent method for the determination of
stoichiometry and association equilibrium constant of this type of complexes, where both
host and guest are nonfluorescent and which are therefore not easily amenable to standard
fluorescence spectroscopic methods.
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1. Introduction

Supramolecular host-guest chemistry describes the formation of molecular complexes composed of
small molecules (guests) noncovalently bound to larger molecules (hosts) in a unique structural
relationship [1]. Host-guest complexes are of great technological importance and have been
extensively studied [2]. Several techniques such as calorimetry, conductivity, pH potentiometry,
capillary electrophoresis, and absorption or fluorescence spectroscopy are used to determine their
stoichiometry and stability. Among these, fluorescence spectroscopy is widely used, because it is a
sensitive and relatively straightforward technique. Standard fluorescence spectroscopy analyzes the
variation of a spectroscopic property (quantum yield, spectral shift, lifetime, or anisotropy) of a
fluorescent guest or host due to the complexation. A significant variation of any of these parameters
requires an intimate participation of the fluorophore in the complexation process, which limits the use
of this technique to cases where the fluorophore itself is included as guest (Figure 1a) or is expulsed
from the interior of the host by a nonfluorescent guest in a competitive process or where some specific
interactions take place. Most technologically interesting host-guest complexes are themselves
nonfluorescent and the attachment of a fluorescent label in order to use them in standard fluorescence
spectroscopy leads to a dilemma: on one hand, the fluorophore should not interfere in the host-guest
complexation under study, but on the other hand a sufficiently strong interaction between fluorophore
and host or guest is necessary in order to detect a change in the spectral properties upon complexation.
Although many specific solutions have been found, the study of fluorescently labelled host-guest
systems by standard fluorescence spectroscopy is still challenging.

Figure 1. Fluorescent labelling of a host-guest complex (a) inclusion of a fluorescent guest
(b) guest with attached fluorophore (c) host with attached fluorophore.

K

PR ﬁf = caf

Fluorescence Correlation Spectroscopy (FCS) can solve the described problem in a more general
way. Instead of the change in the spectral properties FCS analyses the variation in the diffusion
coefficient of a fluorophore attached to guest or host due to the increase in the molecular weight upon
complexation (see Figures 1b,c) The fluorophore itself need not to interact directly with the host-guest
complex except for a common diffusive movement. This relaxes the conditions imposed on the
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fluorophore which can be selected independently of the specific host-guest system, so that bright and
photostable dyes can be attached at convenient positions in guest or host.

FCS is a well established fluctuation correlation method that extracts information about the
dynamics of molecular processes from the small changes in molecular concentration or chemical states
that arise from spontaneous fluctuations around equilibrium [3]. FCS allows one to study dynamic and
photophysical processes that take place in a wide time scale in one and the same experiment. It is a
single molecule technique which uses very small sample volumes determined by a confocal setup and
nanomolar fluorophore concentrations. FCS is used in a wide range of fields, but surprisingly few
applications to the study of host-guest complexation can be found. We studied recently by FCS host-
guest dynamics and determined the fast entry/exit rate constants of fluorescent dyes within
cyclodextrins [4,5]. In this contribution we will study by FCS the stoichiometry and the stability of the
inclusion complex formed between the host B-cyclodextrin (BCD) and the nonfluorescent guest
adamantane labelled with Alexa 488 as fluorescent probe (see Figure 2).

Figure 2. (a) Structure of Ada-A488 (b) Structure of BCD. (c) Sketch of an adamantane-
BCD inclusion complex.

NH
b Ada-A488

Cyclodextrins (CD) are naturally occurring water-soluble toroidally shaped polysaccharides with a
highly hydrophobic central cavity that have the ability to form inclusion complexes with a variety of
organic and inorganic substrates [6-12]. The three major natural cyclodextrins are o—, — and y—CD
built up from 6, 7 and 8 glucopyranose units, respectively. CDs are often found as building blocks of
supramolecular systems, self-assemblies or chemical sensors [13-18]. The ability of CDs to form
inclusion complexes, in which the physicochemical properties of the guest molecules change with
respect to the free molecules, has led to a variety of applications [19-25].

Adamantane (tricyclo[3.3.1.1(3,7)]decane, CioH16) is formed by four cyclohexanes fused to each
other in chair conformations achieving a strain free and highly symmetrical stable structure. The
adamantyl group is a spherical group with a diameter of 7 A which perfectly matches the cavity
diameter of BCD. Adamantane derivatives form therefore 1:1 inclusion complexes with BCD with high
values of the association equilibrium constant, typically between 10°-10° M™* [26-31]. Due to their
high stability pBCD-adamantane complexes have found several important applications both in
supramolecular chemistry and in biomedical applications, such as hydrogels [32], affinity
biosensors [33], surface-mediated gene delivery [34], cyclodextrin polymer-based particles [35, or
supramolecular polymers [36,37].
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In this work we demonstrate how FCS can be used to study the inclusion complex formation
between BCD and adamantane labelled with the fluorescent probe Alexa 488 (Ada-A488 as shown in
Figure 2). We discuss the necessary experimental conditions, determine the stoichiometry and the
equilibrium constant and compare the results with those published for similar guests obtained with
other methods.

2. Theory
2.1. Mechanism

The association of the fluorescent guest A and the nonfluorescent host H yielding a fluorescent
complex B is treated as a reversible chemical reaction with (association) equilibrium constant K:

A+H=23B 1)

The equilibrium constant K is related to the entry (association) (k.) and exit (dissociation) (k-) rate
constants as follows:

K=—+ 2

K )

Under conditions where the host concentration [H] is always much higher than that of the

fluorescent guest, this concentration coincides with the initial host concentration [H]o, and the
complexation “reaction” is pseudo-first-order with the relaxation (“reaction”) time =z given by:

7 = (K, [H], +k)™ 3)

2.2. FCS

FCS analyzes the fluorescence intensity fluctuations that are caused by the spontaneous variations
in the number of fluorescent molecules in the confocal sample volume due to translational
diffusion [5,38-40]. The observed fluorescence intensity fluctuates at a time scale given by the mean
residence time of a fluorophore in the sample volume. The intensity fluctuations 5F(t) = F(t) — <F> are
analyzed by the normalized temporal autocorrelation function G(t) as function of the correlation time
ras given in Equation (4):

(SF(t)-6F (t+7))
(F)* @

The time dependent part of the correlation function describing pure translational diffusion of a
single fluorescent species in and out of a sample volume Gp is given in Equation (5):

1 T N w, T B ®)
Go(r)=—|1+— | |1+ 2| —
° N{ TDJ [WZJ T

Here a three-dimensional Gaussian sample volume is assumed with radial and axial i/e” radii wy, and
w,, respectively. N is the mean number of fluorescent molecules within the sample volume and 7 is

G(r)=
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the translational diffusion (transit) time of the molecules across the sample volume, which is related to
the translational diffusion coefficient D by Equation (6) [3,41]. The radius of the sampling volume,
Wy, is determined from a calibration measurement with a reference dye with known diffusion
coefficient (in this case rhodamine 123) as described in the Experimental section.

WZ

D=2
47, ®)
At higher excitation power the dark triplet state of the dye may be significantly populated and a

superimposed fast flickering of the fluorescence intensity may be observed with amplitude Ar and a
time constant zr given by the triplet lifetime of the fluorophore. This leads to an additional exponential
term in the correlation function as described in Equation (7):

Gy (7) = Gy (o) [ 1+ Ay e | %

In the case that the exchange of the fluorophore between free and bound states is much faster than
the typical transit time of the fluorophore across the sample volume (zr << 1p) these states of the
fluorophore will not be seen by FCS as two distinct species, but as a single one with a mean diffusion
time 7. The value of 7, depends then on the individual diffusion coefficients Ds and Dy, of free and
bound fluorophore and on the molar fractions X« = Nx/(Nt + Np) of these species:

w2 -1
T=— (X () + X, ()
D 4(X,D, + X,D,) ( i (7¢) v (75) ) (8)
The full correlation curve describing translational diffusion of two fluorescent species in fast
exchange and a common triplet term is given in Equation (9) where the diffusion term is defined by the
mean diffusion time 7:

-1 2 -3
GDT(T)Z%(L{-_LJ 1+(&J _i "/1+AT e_T/TTW ©)

7, w, ) Ty

z

In the case of a fluorescent guest, a 1:1 stoichiometry, and under the conditions that the free host
concentration is always much higher than that of the guest, [A] << [H], the mean diffusion time 7, can
be expressed as function of the total host concentration [H]o, the equilibrium association constant K
and the limiting values of the diffusion times of free and bound dye, 7zt and =, respectively:

- 7 (1T+ K[M],)
1+ K[M], (10)

The equilibrium association constant K can then be determined from a fit to a series of mean
diffusion times measured at different host concentrations or directly from a global fit to the series of
correlation curves.

3. Results and Discussion

The determination of absolute diffusion coefficients with standard FCS can be affected by several
experimental errors [42]. For the determination of the equilibrium constant and the stoichiometry of
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the complexation only relative values of the diffusion times are needed, but even these may be
distorted at high excitation irradiance due to saturation or photodestruction of the fluorophore. The
residence time of the complex in the focal volume is longer than that of the free fluorophore, which
may increase the photobleaching probability and thus shorten the apparent diffusion times. This in turn
flattens the titration curve and leads to an underestimation of the equilibrium constant. Therefore, as a
first step the irradiance dependence of the fluorescence count rate and of the diffusion coefficient of
free and complexed Ada-A488 has been studied. Figure 3 shows that the registered fluorescence count
rate per Ada-A488 molecule (the molecular brightness) (filled black squares) increases linearly at low
irradiance but levels off slightly at higher values. The presence of BCD ([CD] = 6.4 x 10~ mol dm)
has only small influence on the brightness of the fluorophore, with a reduction of about 5% at low and
about 25% at highest irradiance. This change may be due to different photobleaching probabilities of
free and complexed dye, to polarisation effects in the detection optics, to a change of the refractive
index of the solution, or to increased scattering, but it may also be due to some direct interaction
between the Alexa 488 chromophore and the adamantane-cyclodextrin complex. However, the Alexa
488 fluorophore is too big to be included into the BCD cavity and no efficient competition with the
adamantane inclusion is to be expected.

The diffusion time of Ada-A488 (open squares in Figure 3), increases significantly on the addition
of BCD (open circles). At highest irradiance a very similar slight decrease of the diffusion times
(of about 5%) is observed in both cases, probably due to some saturation effect. For the titration
measurements an irradiance of 1o/2 = 27 kW cm? was chosen, which is at the upper end of the linear
increase of the brightness.

Figure 3. Power series of the FCS signal of Ada-A488 in aqueous solution (squares,
[BCDlpb=0 moldm® and at high concentration of PBCD  (circles,
[BCDJo = 6.4 x 10° mol dm™®). [Ada-A488] ~ 10° mol dm®). Left scale, filled symbols:
count rate per single Ada-A488 molecule. Right scale, open symbols: diffusion time of
Ada-A488. All data obtained from FCS correlation curves similar to those shown in
Figure 4 at different excitation irradiances. Counts per molecule (cpm) is the total detected
fluorescence count rate divided by the mean number of molecules in the focus N.
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Figure 4. Fluorescence intensity correlation curves G(z) of Ada-A488 in the presence of
increasing concentrations of BCD ([BCD] = 0 mol dm™ to 6.4 x 10 mol dm™) in aqueous
solution. ([Ada-A488] =~ 10° mol dm™®). Panel a: normalized experimental correlation
curves at increasing BCD concentration (grey curves) and two representative curves from
the global fit of Equations. (9) and (10) at [BCD]=0 moldm™® (red curve) and
[BCD] = 6.4 x 10 mol dm™ (blue curve) to the correlation curves. The intermediate fit
curves are not shown for clarity.Small vertical bars indicate the diffusion time obtained
from the fit. Inset: mean diffusion times 7, as function of CD concentration determined
from individual fits of the Equation (9) to the correlation curves. The highest
concentrations are not shown. See also Figure 5. Panel b: stacked representation of the
same correlation curves as in panel a. Panel c: weighted residuals from the global fit
(vertical scale is arbitrary).
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The normalized fluorescence intensity correlation curves G(z) of Ada-A488 in water at different
BCD concentrations are shown as grey lines in Figure 4. The detected fluorescence intensity is
strongly correlated at very short correlation times, but then two decorrelation terms are observed at
around 5 ps and 200 ps. The amplitude of the first term increases strongly at higher irradiance (not
shown) but is independent of the BCD concentration. It can therefore be safely assigned to the
population of the triplet state of Alexa 488. The second term shifts to longer correlation times at
increasing BCD concentration and is assigned to the diffusion of the fluorophore in and out of the
sample volume. All correlation curves can be well fitted with correlation function Gpr [Equation (9)]
yielding the diffusion times zp shown in the inset of Figure 4a.

The strong increase of zp already at very low BCD concentration can not be explained by an

increase of the solvent viscosity, which is not significant at these low cyclodextrin concentrations [43].
We interpret these values of 7p as mean diffusion times 7z, of the fluorophore in fast exchange between

free and bound states as described by Equations (8)—(10). The fit of these mean diffusion times 7, by

the model of a complexation with stoichiometry 1:1 [Equation (10)] is very satisfactory as shown in
Figure 5. More precise values of the parameters are obtained by a direct global target fit of the
correlation curves by Equations (9) and (10) as shown in Figure 4. The results of this global fit are
listed in Table 1, together with calculated values of the diffusion coefficients and the hydrodynamic
radii of free dye and the complex.

Figure 5. Upper panel: Mean diffusion times 7, as function of BCD concentration
determined from individual fits of correlation function Gpr [Equation (9)] to the
normalized correlation curves of Figure 4. Parameter of the fit as given in the text. The
black curve represents the best fit of Equation (10) to 7, with the parameter
1=225+2 ps, 1, =297 +2 ps, and K = (48 +7) x 10° mol™dm®. Note that due to the
logarithmic concentration scale the values at [BCD] =0 M are not visible in the figure,
although they are included in the fit. Lower panel: residuals of the fit.

Aty /us

1E-6 1E-5 1E-4 1E-3 1E-2

[pCD] / mol dm™



Int. J. Mol. Sci. 2010, 11 181

Table 1. Results of the global target fit of Equations (9) and (10) to the correlation curves
shown in Figure 4 and calculated values. All values at 25.0 + 0.5 °C.

Ada-A488 + BCD
K /10° M* 52 +2
7 /ms 0.222 + 0.002
7 /ms 0.300 + 0.002
Ar 0.20
T /uS 4.8

Df /10 m%®  3.15+0.30

Dy /10 m%™  2.33+0.20
Rnf /A 78+0.7
Ry /A 105+0.9

The limiting diffusion times obtained from the fits to the series of correlation curves were converted
to translational diffusion coefficients D using Equation (6) with the radial 1/e® radius of the sample
volume obtained from a calibration with Rhodamine 123 as reference (see experimental section). The
uncertainty in this calibration and other systematic errors are not included in the indicated standard
deviations. The hydrodynamic radii R, of free Ada-A488 and of the complex Ada-A488:BCD were
estimated applying the Stokes-Einstein relation [Equation (11)] with the viscosity of water
77 (25 °C) = 0.8905 cP:

kT
671D

h 1)

As expected, the free guest Ada-A488 has a higher diffusion coefficient than the complex
Ada-A488:BCD. The diffusion coefficient of homogeneous spherical particles is expected to change
with the inverse of the cubic root of their molar mass D~R, *~M 2. As shown previously this is well
fulfilled for small globular molecules and for inclusion complexes of different cyclodextrins [4]. In
this case the ratio between the diffusion coefficients Dy/Df=0.74 coincides perfectly with that
expected from the ratio of their molar masses (Mp/M;) ¥ = (2.37)"¥° = 0.75. The absolute values of the
diffusion coefficients compare very well with those obtained before for complexes between pyronines
and BCD and yCD [4,5].

As can be deduced from the residuals in Figure 5, the precision in the measurement of the diffusion
times in these experiments is about a(zp)/tp =~ 2%. This translates to a minimal detectable relative
change of the molar mass of the fluorophore from this data of about 20%.

The very high value of the association equilibrium constant K = 5.2 x 10* M agrees well with that
given in the literature for the inclusion of different adamantane derivatives into BCD with values of
K = 1-10 x 10* M [26-31,44].

Finally, the fact that in spite of the high association equilibrium constant a fast exchange of
Ada-A488 between free and complexed state is observed indicates that the association rate constant
must be similar or even slightly higher than that observed for the dynamics of the association of
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pyronines to BCD [4,5]. An additional correlation term due to the exchange itself is not observed as the
fluorophore does not change its brightness upon complexation.

4. Experimental Section
4.1. Materials

BCD (Sigma-Aldrich) (M =1134.98 g mol™) was used as delivered. BCD was checked for
fluorescence impurities and was found to be clean enough for classical fluorescence measurements and
for FCS experiments. Water was purified with a Milli-Q system. The synthesis of the Ada-A488
compound (M = 825.88 g mol™) is described in Section 4.4.

4.2. Sample Preparation

Stock aqueous solutions of BCD were freshly prepared with a concentration of about
8 x 10° mol dm™. Stock solutions of Ada-A488 were prepared as follows: the solid compound
Ada-A488 was first dissolved in ethanol in order to facilitate its solubilisation. Then, an aliquot of this
solution was diluted 1,000 times in 0.1 mol dm® phosphate buffer to adjust the pH at 6.
The concentrations of Ada-A488 in these stock solutions were still 25-fold higher than that necessary
for the FCS measurements (approximately 10 mol dm™). The FCS samples were finally prepared by
dilution of a constant volume of the corresponding Ada-A488 stock together with different volumes of
the BCD stock solution and addition of water to adjust to a certain total volume. All these volumes
were weighed so that concentration corrections could be performed. Special care was taken in order to
avoid any possible contamination of the samples with fluorescent impurities. At the highest BCD
concentrations a slight turbidity was observed in the samples, which explains an additional small very
slow term in the correlation curves.

4.3. FCS Measurements

The confocal epi-illuminated setup used for the FCS measurements is similar to that described
elsewhere [4,45]. A 40 pL drop of each sample was deposited on a borosilicate coverslip (Menzel
Gléser, NO. 1 DE). The samples were excited by the continuous linearly polarized light of a 489 nm
laser diode (Becker&Hickl, BDL-485-SMC, DE) coupled to a monomode optical fiber (Point-Source,
kineFLEX-P-1-S-405-0.7, UK). The light output of the fiber was collimated (Schéfter&Kirchhoff,
60FC-4-6,2-01-DI, DE), spectrally cleaned (Semrock, Brightline HC 482/18, US), redirected by a
dichroic mirror (Semrock, Brightline BS R488, US) and focused into the sample by a high aperture
microscope objective (Olympus, UPLSAPO 60xW/1.20, water immersion) mounted in an inverted
microscope (Olympus, IX-71). The fluorescence was collected by the same objective and then
refocused through the dichroic mirror onto a pinhole (Thorlabs, & =50 um, US) in the image plane.
The light passing the pinhole was collimated, then split into two beams by a nonpolarizing
beamsplitter cube (Newport, 05BC17MB.1, US) and each focused onto avalanche photodiodes
(MPD50CTC APD, & =50 um, MPD, Italy). Band-pass filters (Semrock, Brightline HC 525/45, US)
in front of the detectors discriminated fluorescence from scattered laser light. Both output signals were
processed and stored by TCSPC-modules (SPC 132, Becker & Hickl GmbH, Berlin, Germany).
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Correlation curves were calculated with a fast home-built routine that runs under LabVIEW (National
Instruments) [45]. Typically 20 million photons were collected for each correlation curve with count
rates around 50 kHz. AIll measurements were made at stabilized temperature, 25.0+0.5 °C.
The excitation power as measured in the focus of the microscope objective by a power meter
(Thorlabs, PM30-120, US) was typically 240 uW, corresponding to a mean irradiance of
lo/2 = P/(n-wxyz) =27 KW cm?, assuming a Gaussian intensity distribution along the optical axis. P is
the excitation power in the sample) [46].

The focal area and the detection volume were calibrated with Rhodamine 123 in aqueous solution at
low irradiance vyielding a radial 1/e* radius of wxy=053um. The value of
Drizs = (4.6 +0.4) x 10 m?™ is estimated from recent PFG-NMR [47] and dual-focus FCS [48]
data. The diffusion coefficients are given for 25 °C. All given uncertainties correspond to one standard
deviation from the fits and do not include calibration errors.

Series of FCS curves measured at different host concentrations were analyzed by global “target”
analysis programmed in OriginPro 8.0 (OriginLab Corporation, US). An empirical weighting function
was used in order to take into account the strong variation of the noise in the FCS curves.

4.4. Synthesis of the Ada-A488 Compound
Preparation of compound 1 (see Scheme 1)

1-adamantanemethylamine (85.8 mg, 0.52 mmols) was dissolved in dry DCM (10.4 mL) and Fmoc
8-amino-3,6-dioxaoctanoic acid (200mg, 0.52 mmols), HATU (217 mg, 0.57 mmols) and DIEA
(546 mL, 3.12 mmols) were successively added.

After 1 h stirring at rt, the solution was poured into a separation funnel and washed with HCI (5%)
and NaHCOj3 (sat). The organic layers were dried over Na2SO4, filtered and concentrated under
reduce pressure, providing a yellow oil that when purified by flash chromatography (2-4% MeOH in
DCM) gave (1, 222 mg) of the compound as a white foam [80%, Rf = 0.5 (5% MeOH in DCM)].

Scheme 1. Synthesis of the Ada-A488 compound (4).

OY‘QNO‘/*NH ﬁ QY“O’\’O‘/\N H
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Preparation of compound 2

A solution of Fmoc 8-amino-3,6-dioxaocta-methyladamantane amide (1, 25 mg, 0.047 mmols) in
piperidine-DCM mixture (1:4, 0.5 mL) was stirred at rt for 20 min, the solvent was removed in vacuo,
and the residue was dissolved in DCM . This solution was washed with NaOH (1M). The organic
phase was concentrated and dissolved in H20O. The resulted solution was centrifugated and the
supernatant was liofilized giving 8-amino-3,6-dioxaocta-methyladamantane amide (2, 11 mg) as a
yellow oil which was used without further purification [75%, Rt = 15.3 min (Eclipse Inertsil analitic
column, 50-80 % MeOH 0.1%TFA in H20 0.1%TFA in 19 min)].

'H NMR (CDsCN, 250.13 MHz, d): 7.04-6.85 (m, 2H, NH,), 3.9 (s, 2H, CH, ester),
3.65-3.52 (m, 6H, CH, ether), 3.01-2.89 (bs, 2H, CH, amine), 2.83 (d, J = 6.57 Hz, 2H, CH; amide),
1.72-1.47 (m, 7H, CH and CH, Ad), 1.4 (s, 6H, CH, Ad).

Preparation of compound 4

8-amino-3,6-dioxaocta-methyladamantane amide (2, 0.35 mg, 1.12 mmols) and Alexa Fluor 488
carboxylic acid succinimidyl ester (mixed isomers) (3, 0.2 mg, 0.31 mmols) were dissolved in dry
DCM (500 mL) and dry DMF (20 mL), DIEA (1 mL, 5.5 mmols) was added and the mixture was
stirred under argon for 1 h. The crude was purified by HPLC, affording (4, 0.15 mg) of compound as a
pink solid [58%, Rt=15 min and 16min for 2 isomers (Eclipse Inertsil analitic column, 50-80%
MeOH 0.1%TFA in H,0 0.1%TFA in 19 min)].

MS (MALDI-TOF) [m/z (%)]: 825 ([M], 100), 779.4 (8), 604.2 (16).

Abbreviations Used

CD3CN: Deuterated acetonitrile; DCM: Dichloromethane; DIEA: Diisopropylethylamine; DMF:
dimethylformamide; Fmoc: Fluorenylmethoxycarbonyl; HATU:O-(7-azabenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate; *H NMR: Proton nuclear magnetic resonance; HPLC: High
Performance  Liquid Chromatography; ~MALDI-TOF:  Mass  Spectrometry of  Laser
Desorption/lonization-Time of Flight; bs: broad singlet; d: doublet; m: multiplet; s: singlet; rt: room
temperature.

Suppliers

Fmoc 8-amino-3,6-dioxaoctanoic acid: Commercially available from Bachem; Alexa Fluor 488
carboxylic acid succinimidyl ester (mixed isomers): Commercially available from Molecular Probes.

5. Conclusions

Fluorescence correlation spectroscopy has been proved to be an excellent method for the
determination of the stoichiometry and the association equilibrium constant of host-guest complexes
with fluorescently labelled guests. FCS requires only that guest or host can be fluorescently labelled
and that the complexation increases sufficiently the molar mass of the fluorescent species. FCS needs
only minimal amounts of host and guest, is fast and relatively straightforward, as long as the



Int. J. Mol. Sci. 2010, 11 185

experimental conditions are carefully selected. All commercially available systems allow this type of
measurements.

A very high value of the association equilibrium constant between Ada-A488 and BCD was
determined, which agrees well with that given in the literature for the inclusion of similar adamantane
derivatives into BCD.
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Abstract Fluorescence Correlation Spectroscopy (FCS)
is a powerful single molecule technique for the study of the
stability and the association dynamics of supramolecular
systems and, in particular, of host—guest inclusion com-
plexes. With FCS the host-guest binding equilibrium
constant is determined analysing the variation in the dif-
fusion coefficient of the fluorescent guest or host with no
need for a change in the photophysical properties of the
fluorescent probe. FCS gives also access to the association/
dissociation rate constants of the host—guest inclusion
providing that the fluorescence intensity of host or guest
changes upon complexation. These rate constants can be
compared with that of a diffusion-controlled process esti-
mated from the same FCS experiment allowing for a better
understanding of the association dynamics. The results
show that cyclodextrin cavities act as “hard” cages which
put geometric and orientational restrictions on the inclusion
of a hydrophobic guest, whereas micelles behave as “soft”
cages without geometrical requirements.

In our contribution to this special issue we review
briefly the application of FCS to the study of host—guest
inclusion complexes with an emphasis on practical aspects
and relevant bibliographic references.
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Introduction

Host—Guest complexes are supramolecular aggregates sta-
bilized by non-covalent bonds and are ubiquitous in bio-
chemical, pharmaceutical, environmental, cosmetic, food,
and other chemical systems and applications [1]. Different
approaches are necessary to fully understand a supramo-
lecular system: structural studies yield stoichiometry,
geometry, association sites and heterogeneity, thermody-
namic studies provide information about stability, equi-
librium constants and reversibility, and finally dynamic
studies are necessary to describe the association/dissocia-
tion dynamics, diffusional properties or conformational
dynamics. Most published studies focus on structure and
thermodynamics of supramolecular association, which,
however, give very few information about the dynamics of
the system. As pointed out by Bohne “Dynamic studies are
necessary to provide the ‘movie’ in addition to the ‘snap-
shots’ taken from structural and thermodynamic measure-
ments” [2].

In this contribution we briefly summarize how to use
Fluorescence Correlation Spectroscopy (FCS) for the study
of supramolecular association and, more specifically, of the
stability and the binding' dynamics in host—guest systems.
We show how knowledge about the dynamics gives valu-
able information about the association mechanism, which
is directly related to the structure of the host and the guest.
For details we refer to relevant bibliography.

" As usual we use “binding” as a general term for an attractive
noncovalent interaction. In the context of “host—guest” systems it
refers to a “complexation” or more specifically to “inclusion”.

@ Springer
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Association dynamics

Host—Guest complexes are typically formed by the associ-
ation of host H with guest G to give a 1:1 complex HG (see
Fig. 1). The association rate (on-rate) v, = k, [H] [G] is
described by the bimolecular association rate constant k.,
whereas the dissociation rate (off-rate) v_ = k_ [HG] is
defined by the unimolecular dissociation rate constant k_.
Both processes, association and dissociation, are rate-limited
by molecular diffusion and thus upper limits are given by
diffusion-controlled rate constants: i.e. ky < 10 M s
k_ < 10° s™" in aqueous solution.

At equilibrium both rates are equal, v, = v__and the
binding equilibrium constant K is derived as ratio of the
association and dissociation rate constants as given in Eq.
(1).

K — [HG}eq _ ki (1)

[H]eq [G]Eq k*

Dynamic studies give information on how fast the complex
associates or dissociates. For a 1:1 complexation the
corresponding rate law [Eq. (2)] and the typical condition
of excess host concentration’ ([H]o > [G]p) lead to a
pseudo-first order association rate and to kinetics which are
mono-exponential with an observed relaxation rate
constant kg as given in Eq. 3).}

A _ . 11116~ & g @
[GI(t) ~e™ ™ [HG] () ~1 — e ™ kg =ky [H]y + k_
)

The relaxation rate constant kz depends on the two rate
constants, k; and k_. The contribution of the association
process can be modulated by varying the host concentra-
tion [H]y, but not that of the dissociation [3, 4].

Can we infer information about the relaxation rate
constant kg of the binding equilibrium from the corre-
sponding equilibrium constant K? In other words: does
knowledge about the stability (thermodynamics) of a
complex give information about the dynamics of the host
guest association? The answer is “not so much”; systems
with similar values of their stability constant K may present
very different values of their association and dissociation
rate constants. For example, for a typical intermediate

2 Here we assume that the guest acts as fluorescent probe. Being FCS
a single molecule technique, the total concentration of the fluorescent
probe is very low, of the order of [G]y, ~ 107® M. Thus, the
condition ([H]o > [Glp) is fulfilled even for hosts of low solubility or
high affinity systems.

3 Don’t confuse the time dependence of the guest concentration
[G](t) with the autocorrelation of the intensity fluctuations G(t)
defined in Eq. (4).

@ Springer
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Fig. 1 Host H and guest G form complex HG with association rate
constant k, and separate with dissociation rate constant k_

stability constant, K = 1000 M~!, the association rate
constant can fall in a very wide interval, between very low
values, e.g. k, = 10> M~' s™' or very high ones, only
limited by diffusion (k. = 10" M~' s™"), with the cor-
responding values of the dissociation rate constants as
indicated in Fig. 2.

That host—guest complexes with similar stability can
present very different dynamics, had already been dem-
onstrated by the classical work of Cramer et al. [5] for the
inclusion of different azoderivatives by a-cyclodextrin
(o-CD) studied by the temperature-jump technique. Sub-
stitution of the azoderivatives with ethyl or methyl side
groups changes only very slightly the stability of the «-CD
inclusion complex but decreases the association and dis-
sociation rate constants by several orders of magnitude.

How fast is the association/dissociation process? The
time scale of this process is given by the relaxation time
7r = ki which is the inverse of the relaxation rate constant
kg [Eq. (3)]. Again, as an example, for K = 1000 M, we
can analyse the two above-mentioned cases as depicted in
Fig. 3, right panel: slow dynamics with k, = 10> M™" s7",
ke=1s" (upper red curve) correspond to long relaxation
times of 7z = 1 s. Fast, diffusion-controlled dynamics with
ke =10""M""s7! k_ = 107 s~' (lower, blue curve) lead
to short relaxation times of tg = 100 ns or faster. These

8
0 K/ M1
<1
10°
T
[7]
J 10°
10%
]Dlﬂ
10°

10°  10%* 10* 10 10® 10"

Fig. 2 Very different values of the association rate constant k. and
the dissociation rate constant k_ can lead to the same value of the
binding equilibrium constant K
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Fig. 3 Right panel: For the same typical intermediate binding
equilibrium constant, K = 1000 M, the relaxation time R = kk]

of the equilibrium can vary in a very wide time interval from seconds
to nanoseconds. Upper curve: slow dynamics with k, = 108 M 57!,

k.=15s", and tx <1ls. Lower curve: fast dynamics with
ke =10""M"'s", k. =10"s"", and g < 100 ns. Left panel:
Dynamic range covered by some frequently used fast techniques for
the determination of the rate constants of supramolecular association/
dissociation

relaxation rates correspond to conditions of very low host
concentration where the dissociation process controls the
relaxation rate. In both cases the observed relaxation time
is shortened with increasing host concentration. As can be
seen, binding dynamics cover a very wide time range and
the upper limit corresponds to very fast reactions experi-
mentally not easily accessible.

Frequently used fast techniques for the determination of
the rate constants of supramolecular association/dissocia-
tion are temperature-jump (T-Jump), time-resolved fluo-
rescence (TRF), laser flash photolysis (LFP), ultrasonic
relaxation and stopped-flow (see Fig. 3, left panel) [2, 6-8].
These methods analyze the relaxation of the system back to
equilibrium after a perturbation. TRF and LFP rely on the
photophysics of chromophores with fluorescent excited
states or long lived triplet states and/or on the presence of a
quenching molecule. Ultrasonic relaxation needs no chro-
mophore but requires detailed knowledge about the
molecular process being disturbed. Laser T-Jump covers a
wide time range from nanoseconds to seconds, whereas
TRF, LFP and ultrasonic relaxation are limited to dynamics
of nano- to microseconds. Stopped-flow techniques can
only be used to study slow dynamics. There are other
techniques that allow dynamic study of systems at ther-
modynamic equilibrium. The most known is NMR, which
is, however, limited to slow dynamics.

Single molecule fluorescence

The study of supramolecular dynamics require methodol-
ogies which cover a very wide range of time scales, ideally

intensity
intensity

time time

Fig. 4 Simulated kinetic experiments for the study the dynamics of a
reversible (association) reaction assuming that the guest increases its
fluorescence intensity upon complexation. Upper panels: scheme of
the sample volume (dashed circle) with bright complex and dark free
guest. Lower panels: observed total fluorescence intensity as function
of time (time increases to the left). a Standard “bulk” measurement:
the ensemble relaxes back to equilibrium after an external perturba-
tion. The relaxation time is determined from the exponential change
in the “bulk” fluorescence intensity. b Single molecule measurement:
the system is at equilibrium and the reversible process is followed
directly from the change in fluorescence intensity provoked by the
reaction. Depending on the single molecule technique the rate
constants k. and k_ are determined directly from the time the system
stays in each of the two states (free, bound) or the relaxation time tx
is determined from the characteristic time of the fluorescence
fluctuations

within the same experiment. It is also preferred not to rely
on unique photophysical properties of the host guest system
and to avoid perturbation of the system. Techniques which
analyze the fluorescence of single molecules have the
potential to cover these needs. They analyze variations in
the fluorescence intensity of a molecular system due to
spontaneous fluctuations around the equilibrium, without
the need for an external perturbation and they can cover a
very wide dynamic range [9, 10].

Although standard “bulk” fluorescence experiments
already use low dye concentrations of about 10~ mol/L
and small detection volumes around 1 mm3, the observed
fluorescence is still an average of the light emitted by about
10" dye molecules! This huge number average hides any
static and temporal heterogeneities in the molecular
ensemble and, more important for our case, makes it
practically impossible to follow directly the dynamics of
the unsynchronized molecular processes. Kinetic mea-
surements at these “bulk” concentrations require therefore
some external perturbation which synchronizes the
molecular processes, so that their relaxation back to equi-
librium can be followed as a macroscopic variation of the
ensemble properties (Fig. 4a).
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Fig. 5 Principles of
Fluorescence Correlation
Spectroscopy. Left panel: epi-
illuminated confocal
microscope used to create a
microscopic sample volume.
Right panel: scheme of the data s
analysis. a, b The dashed circles
indicate the border of the
sample volume. The dots
represent dye molecules
undergoing a reversible
association (a), and moving
randomly through the solution
due to Brownian motion (b).
Detected fluorescence intensity
(¢), and autocorrelation function
of the intensity fluctuations (d)

Sample Droplet

-

Beamsplitter

Emission Filter

Detector

Single molecule fluorescence techniques observe a very
small number or even a single molecule at a time (Fig. 4b)
and avoid thus the loss of information due to averaging.
Observing a few molecules allows one to follow directly
the dynamics of the reversible association process as sig-
nificant fluctuations in the fluorescence intensity, provided
that the association affects the brightness4 of the fluores-
cent guest (or host).

In order to detect fluorescence from single fluorophores
it is not sufficient to reduce the concentration of the
observed dye but it is also necessary to suppress the
background signal (Raman scattering, impurities) by
reducing the sample volume itself. Different techniques are
used for this aim. For slow dynamics one of the reaction
partners is typically immobilized on a glass surface and the
fluorescence is excited only within a very thin layer above
this surface by means of special illumination techniques
(e.g. total internal reflection, TIR). The fluorescence from
this layer can then be detected with highly sensitive CCD
cameras [9]. Dynamics in the microsecond to hour range
can be observed, limited mainly by the photostability of the
dyes at the long end and the time resolution of the detection
at short times.

Faster dynamics are typically observed with molecules
which diffuse freely through a very small open detection
volume defined by the focus of an epi-illuminated confocal
microscope (see Fig. 5). During the transit through the
sample volume the fluorophore is repeatedly excited and

4 The species dependent brightness is given by the product of the
extinction coefficient, fluorescence quantum yield and detection
efficiency and is a measure for the detected fluorescence count rate
from each species.
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the change in fluorescence intensity due to the reversible
reaction is detected. Here the dynamic range is limited by
the fluorescence lifetime of some nanoseconds of the dye
itself and the mean transit time of the fluorophore through
the sample volume, typically in the millisecond range. The
fluorescence intensity fluctuations can be analyzed by dif-
ferent techniques, and we will present in the following FCS
as one of the most widely used.

For all Single Molecule Fluorescence techniques several
conditions have to be fulfilled. One needs very bright and
photostable dyes, very efficient excitation and detection
setups, very low dye concentrations and highly purified
solvents and solutes. In order to observe the dynamics one
also relies on a highly fluorescent probe molecule which
undergoes some change in its photophysical properties
during the association/dissociation process.

Fluorescence correlation spectroscopy
Principles

FCS analyzes the spontaneous temporal fluctuations of the
fluorescence intensity emitted by a few (1-10) molecules in
a small open sample volume. These intensity fluctuations
may be due to various processes at the molecular level:
changes in the singlet or triplet excited-state population,
changes in the local concentration due to translational
motion of the fluorophores in and out of the sample volume
or changes in their physicochemical properties, for exam-
ple due to a chemical reaction or, as in our case, supra-
molecular association. Each of these processes modulates
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the fluorescence intensity at a characteristic timescale
which can in principle be derived from the autocorrelation
function of the intensity trace. Several excellent reviews
[11-15], monographs [9, 16-19], and textbooks [20, 21]
present FCS theory for different applications. We will point
out briefly the most important aspects.

In FCS the molecules under study diffuse freely freely
within a small sample droplet and eventually pass through
the focus of a confocal epi-illuminated fluorescence
microscope (Fig. 5, left). The focus defines an open
microscopic effective detection volume of some femtoliter
(10715 L). If the concentration of the dye molecules in the
droplet is low (nanomolar, 10~° mol/L) then only very few
molecules are observed at a time. The molecules are
excited by laser light through the microscope objective and
their fluorescence is collected by the same objective and
focused through a pinhole and filters onto detectors with
single photon sensitivity. The molecules move randomly
through the solution due to Brownian motion (Fig. 5b) and
at the same time undergo a fast reversible reaction
(Fig. 5a). Both processes introduce fluctuations at charac-
teristic time scales in the detected total fluorescence
intensity F(¢) (Fig. 5c). The characteristic time of the
fluctuations is determined from the autocorrelation curve
G(7) of the intensity fluctuations 0F(¢) (Fig. 5d) given by
Eq. (4) with correlation time 7 [3, 4].

(OF (1) - OF (t + 1))
G(r) = VD)
) (F (1)

Under the conditions discussed in the following sections
the full correlation function for translational diffusion and a
fast reversible (association) reaction is given by Eq. (5)
with the mean diffusion (transit) time 7p, the mean number
of fluorescent molecules in the sample volume N, the ratio
between radial and axial radii of the sample volume w,,/w.,
and the amplitude Ay of the reaction term.

1 —1 2 —
GDR(T) :N (1 +%) <1 + (%) ‘;) (1 +ARe7kRT)

(5)

)

Translational diffusion

On the millisecond time scale the observed fluorescence
intensity depends on the number of dye molecules present
in the open sample volume, a number which fluctuates due
to the entry and exit of dyes under Brownian motion. The
characteristic time of these fluctuations reflects the mean
transit (or diffusion) time tp of the fluorescent species
through the sample volume, which depends on the trans-
lational diffusion coefficient of the fluorophore and on the
size of the sample volume. A calibration of this size with a
reference dye allows one then to determine the diffusion

coefficient of the fluorophore from measurements of tp.
The translational diffusion coefficient D is inversely pro-
portional to the diffusion time 7, according to Eq. (6), with
w,, being the radial radius of the sample volume. The
diffusion coefficient D is also related to the hydrodynamic
radius R;, as given for homogeneous spheres by the Stokes—
Einstein relation on the right hand in Eq. (6), where £ is the
Boltzmann constant and 7 the viscosity of the solvent.
wh, kT

- 4ty 6mnR),

(6)

The amplitude of the correlation function [Eq. (5)] is
inversely proportional to the number of fluorophores in the
detection volume (N), which is a peculiarity of the tech-
nique: the lower the concentration of dye the higher the
amplitude of the fluctuations and, consequently, of the
correlation function.

Binding equilibrium constant

The diffusion coefficient of a fluorescent guest decreases
when it binds to a host. The association of the guest to the
host introduces a variation in the observed diffusion coef-
ficient (or diffusion time) of the guest which depends on
the third root of the molar mass ratio, as given by Eq. (7)
for homogeneous compact spheres.

Due _ 76

Rng /Mg

~ i 2/ Mo ™)
D¢t Ruwc Mpuc

FCS is used here for binding dynamics that are much faster
than the mean diffusion time of the fluorophore through the
detection volume (fast exchange). In this case the
fluorescent guests will associate and dissociate many
times during their transit, changing rapidly between free
(G) and bound (HG) state. The observed mean diffusion
time 7p depends then on the fraction of the time that the
fluorescent guests spent in the free or in the bound state.
This can be expressed by the number-weighted mean
diffusion coefficient D obtained from the individual
coefficients D and Dy of free and bound dye and the
number fractions X, = N,/(Ng + Nyc)as given in Eq. (8).

2
_ xy

=-2 D=XsDg + XucD 8
(7)) ) oD + XugDuc (8)

In the case of the equilibrium of Fig. 1 and Eq. (1) the
fractions can be expressed by the equilibrium constant
K and the host concentration [H], which leads to Eq. (9).
. (1 + K[H],)

p(H]) = ———=+ 9
o(H) =", ©)

THG

Titrations of this mean diffusion time at different host
concentrations [H], allows one to determine the binding
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equilibrium constant K and the limiting diffusion coeffi-
cients of free and bound guest [4].

The binding equilibrium constant K can be determined
solely from the change in the hydrodynamic properties of
the guest upon complexation. For the determination of K it
is therefore not necessary (but allowed) that the fluoro-
phore changes its brightness during the binding. This
makes it possible to study nonfluorescent hosts labelled
with a fluorophore which does not need to interact itself
with the host. This is an advantage of FCS over other
fluorescence techniques which rely on a significant change
of some fluorescence properties of the guest in order to
detect its binding.

An example is the inclusion of the nonfluorescent guest
adamantane by f-CD [22]. The fluorescent label (Alexa
488) attached to the adamantane presents no change in its
fluorescent properties due to the inclusion of the adaman-
tane moiety by -CD. The inclusion equilibrium is there-
fore not easily accessible by standard fluorescence
techniques. A FCS titration, however, shows immediately a
systematic increase of the diffusion time of the fluores-
cently labelled adamantane (Mg = 826 g mol™") on the
addition of -CD (My=1135¢g mol™!), as shown in
Fig. 6.

The experimentally determined ratio of the limiting
values Dyg/Dg = 16/tuc = 0.74 coincides perfectly with
the expected value (Mo/Myg)"” = (0.422)" = 0.75 [see
Eq. (7)] [22]. The equilibrium constant obtained from these
FCS titrations is in good agreement with that obtained by
other techniques.

In order to follow with FCS the relatively small varia-
tions in the diffusion coefficient Dys/Dg observed with
small hosts such as cyclodextrins great care has to be taken

1.0 ]

0.8 ]
O& 0.6 !

1E-71E-6 1E-5 1E-4 1E:3
o4r [BCD]=0 [BCD]/mol dm~
Free Guest
02
1 1 -
10 100 1000 10000

t/us

Fig. 6 Inclusion equilibrium between f-CD and adamantane labeled
with Alexa 488 dye studied by FCS. Main panel: the diffusion term of
the correlation curves shifts to longer times on the addition of
increasing amounts of -CD due to the increase in the mean diffusion
time 7p of the guest. Inser: Plot of Tpversus [-CD]y (note the
logarithmic concentration scale). Fitting of 7, with Eq. (9) yields the
high equilibrium constant K = (52 & 2) 10> M~! [22]
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during the experiments and artefacts introduced by triplet-
state population, saturation and photobleaching, back-
ground signal, variation in solvent viscosity, sample tem-
perature and deformations of the effective detection
volume (due, for example, to very small variations in the
cover slide thickness) have to be taken into account
[22-24].

For an accurate determination of the binding equilibrium
constant it is very important to make sure that the observed
diffusion time is not affected by saturation and photoble-
aching of the fluorophore due to too high excitation irra-
diance. The diffusion time has to be independent of the
excitation power, both at zero and at high host concentra-
tions, which has to be checked experimentally for each
host—guest combination. Too high irradiance shortens the
observed diffusion time as a function of the host concen-
tration and leads to strongly erroneous results for the
equilibrium constant.

Binding dynamics

Binding dynamics can be observed when the fluorescence
brightness of the guest changes between its free and bound
states. Binding leads then to fluorescence blinking which
can be analysed by FCS. To be detectable in FCS the
blinking must be much faster than the transit through the
sample volume, that is the relaxation time tx of the binding
process (Eq. (2)) must be shorter than the diffusion time 7
(fast exchange). The fluorescence intensity fluctuations due
to the binding dynamics introduce then an additional term
in the correlation function (Eq. (5)) at the relaxation time
Tx with an amplitude Az which depends strongly on the
brightness ratio ¢ = Qys/Oc of bound and free fluoro-
phore (Fig. 7, insets 7z and Ag). Again both 7z and Ag can
be expressed as function of the host concentration and the
binding constant as given in Egs. (10) and (11). [3]

tr ([H]) = (k- (1+K[H],)™' (10)

_ K[H],(1 —q)’

~ 1+ gkIH), i

The amplitude of the reaction term Ay is zero both at very
low and at very high host concentrations when the guest is
either totally free or fully bound (see Fig. 7). The highest
amplitude Ar is reached at a host concentration
[Hlosmax = (K~q)7' which depends on the brightness ratio
q. Fluorophores which increase strongly their brightness
upon binding make it possible to detect the dynamics
already at a very small degree of binding (low host con-
centrations) and at relatively long relaxation times [25].
From fits of the corresponding correlation function [Eqgs.
(5), (9), (10), (11)] to the experimental correlation curves
one determines both the equilibrium constant K and the



J Incl Phenom Macrocycl Chem (2011) 70:259-268

265

1E-6 1E-4 0.01 1
t/ms

Fig. 7 Main panel: Correlation curves from simulated FCS experi-
ments [Eq. (5)] of an inclusion equilibrium as depicted in Fig. 5.
Thick line: free guest, [H]o = 0. Thin grey lines: intermediate host
concentrations. Dashed line: highest host concentration [H], =
12 mM. Insets: Dependence of the amplitude of the relaxation term
Ag, of the relaxation time g, and of the mean diffusion time 7p on
[H]o. (Parameters used for simulation: N = 1, 7g = 0.25 ms, tyg =
0.6 ms, g =0.5,K=2000M" k, = 100 M 5! ko =510"s7h

dissociation rate constant k_. From Eq. (1) also the asso-
ciation rate constant k, is obtained. [3]

Complications may arise when additional terms appear
in the correlation curves, mainly due to excited-state
dynamics of the fluorophore. Transitions in and out of the
dark triplet state of the fluorophore introduce fluorescence
fluctuations with the triplet lifetime of some microseconds
[26]. The population of the triplet state is strongly depen-
dent on the excitation power and can in principle be
reduced working at low irradiance.

Influence of host—-guest geometry on the dynamics

In order to study the influence of the geometry of host and
guest on the binding dynamics we studied two parent
cyclodextrins, f-CD and y-CD, and two analogous guest
molecules, pyronine Y (PY) and pyronine B (PB), which
have the same xanthene skeleton but methyl and ethyl
substituents, respectively, at the amino side groups (Fig. 8).

Electronic absorption and fluorescence spectroscopic
studies showed that in all cases 1:1 pyronine:CD com-
plexes are formed, although also 2:1 complexes with y-CD
are observed for both pyronines at dye concentrations
much higher than those used in FCS [27, 28]. The values of
the (1:1) association equilibrium constants, K, differ sig-
nificantly between the four host—guest combinations
(Table 1). In contrast to what may be expected, for each

1.5 nm 1.7 nm

HaC” +\
\
CchHz cr-uzcr-c3
© CHCHy” +\ CH20H3
X

Fig. 8 Geometry of $-CD and y-CD. Structures of the dyes PY, PB,
and R123

type of CD the binding constant is larger with PB than with
PY in spite of the bulkier side groups of PB. Moreover,
larger association equilibrium constants are obtained for
the CD of smaller cavity.

The pure emission spectra of free and bound dyes allow
one to estimate the brightness ratio g as given in Table 1.
In the systems studied here, the brightness of the dyes
decrease significantly when they are bound to the hosts.

As an example Fig. 9 shows a series of correlation
curves obtained in titration experiments of PY with -CD.
Due to the fast exchange of the pyronine guest in and out
of the CD complex only a single diffusion term with a
mean diffusion time, Tp, is observed which increases as
the host concentration is increased (compare insets Tp in
Figs. 7, 9). The second term in the correlation curves due
to the association/dissociation dynamics is described by
the relaxation time, tg, and an amplitude Ag that varies
with the concentration of the host as expected (compare
insets T in Figs. 7, 9). In all cases it has to be checked
that the relaxation time is in fact much shorter than the
diffusion time, in order to allow for the separation of the
two terms in the correlation function. The small contri-
bution of the triplet-state formation to the correlation
curves which appears at about the same correlation time
as the reaction term must also be taken into account in the
analysis.

Global target analysis of the FCS curves as a function of
host concentration with the correlation function as given in
Eq. (5) yields the association/dissociation rate constants
[3]. The results of the fits for the systems under study are
shown in Table 1. In most cases the value of K obtained
from bulk fluorescence and absorption titrations was fixed
in the fits of the correlation curves, in order to improve the
accuracy of other fit parameters such as k_. For the system
PY:y-CD it was not possible to determine the association
and dissociation rate constants since the reaction term
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Table 1 Results from Global target fits of series of FCS curves and derived values as explained in the text [3, 4]

PB:f-CD PY:f-CD PB:y-CD PY:y-CD R123:TX100
K/10° M~! 2.1+02 0.40 + 0.04 0.19 + 0.03 0.04 & 0.01 65+ 3
q 0.49 + 0.04 0.6 +02 0.67 + 0.02 0.34 + 0.02 0.42 4+ 0.03
Ta/ms 0.30 + 0.02 0.25 £ 0.02 0.27 £ 0.02 0.23 =+ 0.02 0.263 4 0.002
T/ms 0.40 + 0.04 0.45 £ 0.06 0.46 + 0.05 0.41 £ 0.05 1.66 £ 0.05
k. /10°M1 st 0.15 £ 0.05 02+0.1 0.56 £ 0.11 >1 14+1
k_/10%7! 7.6 £27 50 + 30 300 + 30 — 241
kg/10°M™" 57! 7.7 £0.5 8.0 %05 8005 84+03 161
k_g/10° 7! 20+ 0.1 26+02 21402 27 4 0.1 0.11 £ 0.01
k/10° 57! 0.04 =+ 0.01 0.07 £ 0.03 0.16 £ 0.03 — -
k_/10% 71 77 +27 50 + 30 320 + 100 — -
Dg/107'm? 57! 48 + 04 58 + 04 48 + 04 58 + 04 43+ 04
Dy6/10710 m? 57! 3.6 + 04 32403 3.1+ 04 354+ 04 0.7 +0.1
Ro/Ryc (A) 5.1/6.8 4.2/1.6 5.1/7.8 4.2/7.0 5.7/36
M, /M, i (Da) 324/1459 267/1402 324/1621 267/1564 381/95000
The diffusion coefficients D and all derived values were recalculated for a new reference value for Rhodamine 6G,

Drec(25 °C) = (4.0 £ 0.3) 107" m? s7' [29, 30]. The uncertainties represent one standard deviation as given by the fits and do not include the
uncertainty in the reference value. All values given for 25 °C. The molar mass does not include that of the counterions of the charged dyes

As a guide for the eye the association rate constant and the diffusion controlled rate constant are set in bold
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Fig. 9 Main panel: Experimental normalized correlation curves of
PY in aqueous solution with increasing f;-CD concentrations. Insets:
Variation of the mean diffusion time 7 the relaxation time tg and the
amplitude of the reaction term Ag with the concentration of $-CD as
determined from individual fits of Eq. (5) [3]

appears at too short correlation times overlapping with the
fluorescence lifetime of PY.

From the hydrodynamic properties of host and guest the
collision rate constants k, for a purely diffusion-controlled
association process between two species can be estimated
applying the Smoluchowski equation [Eq. (12)] as given in
Table 1.

kd = 47Z (DG + DH) (RG + RH) N() (12)

@ Springer

(Dg, Rg and Dy, Ry are diffusion coefficients and hydro-
dynamic radii of guest G and host H, respectively, and Ny
is the Avogadro constant.) This diffusion limited rate
constant k; will be compared later with the rate constant k.
of association between guest and host determined from the
same FCS data. It is clearly an advantage of FCS to yield in
the same measurement information about both diffusional
and association dynamics.

Binding dynamics of “hard” and “soft” cages

The rate constants k. of association of the guests PY and
PB to -CD are both similar with a very high value of
about k, = 0.2 x 10° M"' ! (Table 1). This is, however,
still about 40 times lower than the estimated collision rate
constant k;, = 8 x 10° M™! s'!, with which host and guest
collide due to Brownian motion in the solvent (Eq. (12),
Table 1). The overall association (inclusion) is thus much
slower than expected for a diffusion-controlled process.
This can be understood on the basis of a two step process
(see Fig. 10a) [3]. First host and guest collide with rate
constant k,; and form an encounter complex within a
common solvent cage. If no specific interactions are
assumed a lifetime of the encounter complex of about 1 ns
can be estimated. During this lifetime host and guest col-
lide of the order of 100 times changing randomly their
relative orientation. In most cases they separate again with
rate constant k_, without inclusion. Depending on the
geometrical requirements for the inclusion of the guest into
the host a small fraction of the relative orientations may be
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Fig. 10 Two step mechanism for supramolecular association involv-
ing the formation of an encounter complex, for a “hard” cage
(cyclodextrin) (a) and a “soft” cage (micelles) (b)

favourable so that inclusion can occur with a rate constant
of inclusion, k,. The overall association rate is thus mostly
controlled by this inclusion step.

Both guests, PY and PB, have similar association rate
constants in spite of their different side groups. On one
hand, simulations indicate that the side groups may not
change significantly the critical dimension which deter-
mines the probability to enter the -CD cavity [3] and, on
the other hand, the high flexibility of the CD molecule
probably allows for an induced fit compensating part of the
difference in the guest geometry [31].

Another interesting result is the fact that the difference
in the stability of these inclusion complexes is determined
by their dissociation and not by the association process.
The dissociation rate constants of PY and PB with -CD
(Table 1) differ in about one order of magnitude, reflecting
the stronger interaction of PB than PY with the interior of
the f-CD cavity, as already proposed on the basis of
“bulk” fluorescence studies [32].

What happens if we increase the size of the host cavity?
The data for the inclusion of PY and PB by y-CD, a host with
a 20 % bigger diameter of its cavity, show that the associa-
tion rate constant, k., of the PB:y-CD complex is about four
times higher than in the case of PB:-CD (Table 1). The
wider y-CD cavity increases the fraction of favourable rel-
ative orientations which lead to an inclusion, although the
association process is still not diffusion controlled.

However, the wider cavity weakens also the specific
interactions between host and included guest resulting in a
strongly increased dissociation rate constant. The overall
stability of the pyronine/y-CD complexes is therefore much
lower than that of the pyronine/f-CD complexes.

What do we expect for hosts without geometric
restrictions? Micelles are themselves highly dynamic
supramolecular self-assemblies of surfactants. Dyes such
as the xanthene dye, rhodamine 123 (R123) exchange
dynamically between the aqueous and the micellar
pseudophase in a process similar to the inclusion described
before. But, as opposed to the cyclodextrins, the micelle

presents no geometric restrictions for the association of the
dye; they act as “soft” hosts.

R123 is a typical probe for FCS, and is very suitable for
dynamic studies in micellar systems since it presents a
partition equilibrium between the aqueous phase and the
micellar pseudophase formed by neutral micelles such as
those formed by the aggregation of a well-known non-ionic
surfactant, Triton X-100 (TX100) (Fig. 8). [4, 33, 34]. The
1:1 binding equilibrium constant for the partition equilib-
rium of the R123 with TX100 micelles is given in Table 1.
Due to the low dye concentrations an occupancy number of
more than one dye molecule per micelle is negligible.

A strong change in the brightness of R123 during the
association process to TX100 micelles makes it possible to
follow the association dynamics with FCS as described
before (Table 1) [4, 25, 33]. As expected, the rate constant
of the association of R123 to a TX100 micelle is as fast as
the diffusion-controlled collision rate constant itself:
ki ~ kg~ 15 x 10° M~! s~!. This shows that the associ-
ation is diffusion controlled, in accordance with the picture
of an unspecific association without orientational or geo-
metrical requirements (see Fig. 10b). In this sense, the
micelles may be seen as “soft” cages, as opposed to the
cyclodextrin “hard” cages, which, although highly flexible,
impose orientational restrictions to the inclusion.
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ABSTRACT

The dynamics of the exchange of the moderately hydrophobic neutral dye Coumarine 152 between the
aqueous phase and the phase formed by neutral Triton X-100 micelles is studied by Fluorescence Corre-
lation Spectroscopy. The changes in the photophysical properties of the dye in presence of the micelles
are discussed. The low quantum yield, the low saturation threshold and the necessary high energetic
excitation of this dye requires a careful selection of the experimental conditions in order to obtain
dynamic and diffusional properties with reasonable precision. It is shown that the contrast between
the brightness of free and bound dye has a strong influence on the sensitivity of the FCS experiment.
The entry rate constant of the dye to the micelles, k. = (0.8 +0.3) x 10’ M~ s, is very near to the dif-
fusion controlled limit. The high association equilibrium constant of K= (129 +3) x 10> M~ is mainly
determined by the low exit rate constant, k_ = (0.6 +0.2) x 10° s~

Triton X-100

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Micelles are highly cooperative, dynamically organized molecu-
lar assemblies, stabilized mainly by hydrophobic interactions. Both
surfactants and solubilized molecules are constantly exchanged
between the micelles and the surrounding aqueous solution. The
study of the dynamics of the exchange processes of solubilizates
and surfactant molecules is of critical importance for the character-
ization of a micellar system and also essential for a more detailed
theoretical understanding of their formation [1]. Micellar exchange
dynamics have significant influence on the performance of a given
surfactant solution in technological processes, such as detergency,
foaming, solubilisation, emulsification or wetting [2].

Recently we have shown how the typically very fast dye ex-
change dynamics can be conveniently studied with Fluorescence
Correlation Spectroscopy (FCS), using micelles as membrane mi-
metic systems and a typical mitochondrial fluorescence marker,
Rhodamine 123 (R123), as probe [3,4]. We also demonstrated the
advantages of FCS to determine the association/dissociation rate
constants of fluorescent dyes with cyclodextrins [5].

FCS is a fluctuation correlation method that extracts informa-
tion about the dynamics of molecular processes from the small
changes in molecular concentration or chemical states that arise
from spontaneous fluctuations around equilibrium. Therefore FCS
yields direct information about the dynamics of a fluorescent probe
without the need for external disturbances. FCS allows one to

* Corresponding author. Fax: +34 982 285872.
E-mail address: wajih.al-soufi@usc.es (W. Al-Soufi).

0021-9797/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
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study dynamic and photophysical processes that take place in a
wide time scale in one and the same experiment. FCS is a single
molecule technique, using very small sample volumes determined
by a confocal setup and nanomolar fluorophore concentrations [6].

Fluorophores used in FCS are typically very bright and highly
photostable dyes, such as Rhodamines or other Xanthene deriva-
tives. Unfortunately, most of these dyes are charged molecules.
This complicates the systematic study of the interaction of a
hydrophobic dye with different micellar systems, many of the sur-
factants being themselves ionic species. The resulting strong elec-
trostatic interactions between a charged dye, ionic surfactant and
the counterions present in solution mask the weaker hydrophobic
forces which control the exchange of neutral guests. A charged dye
is not a good probe for the study of matter exchange in ionic
micelles, except in the case that the electrostatic interactions
themselves are the main interest.

Looking for neutral fluorophores one finds that most of them
have less adequate properties for FCS. They typically present a low-
er brightness, worse photostability and mostly need an excitation
at lower wavelength with the resulting increase in background sig-
nal. The use of these dyes requires a very careful selection of the
experimental conditions. On the other hand some of these dyes
compensate these disadvantages at least partially by the fact that
they show a strong increase in their brightness upon association
to a micelle, just opposite to the behaviour of typical FCS dyes. This
is a big advantage as we will show in this contribution. It makes it
much easier to detect even small amounts of associated dye and al-
lows one to study the dynamics of the association at low surfactant
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concentration and in a time interval better accessible to standard
FCS equipment.

As a representative example for this type of neutral hydrophobic
probes we use coumarine 152 (C152). C152 partitions between the
micellar pseudo-phase and the aqueous solution. 7-aminocouma-
rines have relatively low fluorescence quantum yields in aqueous
solution and a poor photostability [7,8]. In addition, coumarines
need a more energetic excitation at shorter wavelengths, which also
excites more fluorescent impurities. However, in spite of these
drawbacks, the neutral coumarines have certain advantages which
make them interesting for the study presented here. They are char-
acterized by two excited singlet states, an intramolecular charge
transfer state (ICT) and a twisted intramolecular charge transfer
state (TICT) [9]. It is known that the ICT states in 7-aminocoumarins
are highly fluorescent whereas their TICT states are non fluorescent
[10-12].In the nonpolar and restrictive environment of micelles the
formation of TICT states is suppressed, resulting in an appreciable
enhancement and blue shift of the fluorescence of the dye within
the micellar pseudo-phase (bound dye) as compared to that of the
dye in the aqueous phase (free dye). The result is a strong increase
in the detected molecular brightness of the 7-aminocoumarins as
they associate to a micelle [13]. Additionally, coumarines generally
show a much higher Stokes Shift than for example rhodamines,
which make it easier to separate the dye fluorescence from the Ra-
man signal of the excitation laser light.

We use the neutral surfactant Triton X-100 (TX100, t-Oct-CgHy-
(OCH,CH,);00H, M,, = 646.85 g mol "), formed by a polar polyeth-
ylene glycol chain and a hydrophobic aromatic chain. Although this
surfactant has been extensively studied, there is still some discrep-
ancy about its properties regarding micelle formation. Recent stud-
ies reported significant variations of the aggregation number and
the cmc depending on surfactant concentration, temperature and
the technique used [14-16]. We use the following most cited val-
ues: critical micelle concentration cmc =2.6 x 107 mol dm— and
aggregation number Ng, =143 [17]. The choice of these values
has direct effect on the absolute values of our reported rate con-
stants but does not affect the overall conclusions.

We first determine quantum yields, the brightness ratio, and
the partition equilibrium constant from ensemble steady state
absorption and fluorescence spectra. Then we discuss the experi-
mental conditions in the FCS measurements with respect to the
brightness contrast, saturation and photobleaching. Finally we
present the diffusional properties and the exchange dynamics as
determined from FCS.

2. Materials and methods
2.1. Materials

Coumarine 152 was purchased from Sigma-Aldrich and used as
received. The surfactant TX100 (Fluka BioChemika) was checked
for fluorescence impurities and was found to be clean enough for
classical fluorescence measurements and for FCS experiments.
Water was purified with a Milli-Q system.

2.2. Sample preparation

Stock aqueous solutions with concentrations of 15-
35 x 103 mol dm > of the surfactant TX100 were prepared. Stock
solutions of C152 were prepared with 10-fold higher concentra-
tions than those necessary for the titrations (approximately
10°8-10"°mol dm 2 in FCS). The measuring samples were pre-
pared by dilution of a constant volume of the corresponding
C152 stock together with different volumes of the surfactant stock
solution and addition of water to adjust a certain total volume. The

accuracy of these volumes was checked by weighing, and concen-
tration corrections were made. Utmost care had been taken not to
contaminate the samples with fluorescent impurities.

Due to the low solubility of C152 in water aqueous solutions of
C152 for the stock were stirred over night at room temperature and
then filtered. The final concentration of C152 in the filtered solu-
tion was then determined from its absorption at 405 nm. The mo-
lar absorption coefficient of C152 in water at this wavelength
(&495, =2532+10 mol~' m?) was once determined from the fol-
lowing procedure: first the molar absorption coefficient of C152
was determined in ethanol, in which C152 is well soluble
(&89, = 2034.3 + 9.0 mol~' m?). Then the concentration of a filtered
aqueous solution of C152 of known absorbance was obtained by
evaporating the water of a given volume, redissolving it in ethanol
and measuring its absorbance in this solvent. With i, the con-
centration and thus &%, can be calculated.

‘water

2.3. Equipment

Absorption spectra were measured with a Varian-Cary 300
spectrophotometer. Fluorescence emission spectra were recorded
with a Edinburgh Instruments F900 spectrofluorimeter.

The setup used for the FCS measurements has been described
elsewhere [18]. A 40 uL drop of each sample was deposited on
borosilicate coverslips (Menzel Gldser, NO. 1 DE). The autofluores-
cence of these coverslips was sufficiently suppressed in the confo-
cal setup. The samples were excited by the linearly polarized
light of a 405 nm continuous wave laser diode (Becker & Hickl,
BDM-405-SMC, DE) which was spectrally cleaned (Semrock, Max-
diode LD01-405/10, US), redirected by a dichroic mirror (AHF
Analysentechnik, z405 RDC, DE) and focused into the sample by
a microscope objective (Olympus, UPLSAPO 60 x W/1.20, water
immersion) mounted in an inverted microscope (Olympus, IX-
71). The fluorescence was focused onto a pinhole (Thorlabs,
& =50 um, US) and then split into two beams by a nonpolarizing
beamsplitter cube (Newport, 05BC17 MB.1, US). Each beam was
then focused onto an avalanche photodiode (MPD50CTC APD,
=50 um, MPD, Italy). A band-pass filter (HQ550/100 M, AHF
Analysentechnik, Tiibingen, Germany) in front of the beamsplitter
discriminated fluorescence from scattered light. The detector sig-
nals were processed and stored by two TCSPC-modules (SPC 132,
Becker & Hickl GmbH, Berlin, Germany). Typically 20 million pho-
tons were collected for each correlation curve with count rates be-
tween 5 and 20 kHz. All measurements were made at stabilized
temperature, 25.0 £ 0.5 °C. The excitation power as measured in
the focus of the microscope objective by a power meter (Thorlabs,
PM30-120, US) was typically 300 pW, corresponding to a mean
irradiance of Io/2 = P/(m - w},) = 26 kW cm ™2, assuming a Gauss-
ian intensity distribution along the optical axis. P is the excitation
power in the sample [7].

The focal area and the detection volume have been calibrated
with Rhodamine B (RB) in aqueous solutions at low irradiance. Re-
cent PFG-NMR [19] and dual-focus FCS [20] measurements of the
diffusion coefficients of typical rhodamine dyes determine much
higher values than those used before in FCS. The diffusion
coefficient of RB was estimated from these references to
Drg=(4.4+0.4)x 107'°m?s~", yielding a radial 1/e? radius of
yy = 0.50 pm. However, the very low absorption of RB at the exci-
tation wavelength of 405 nm may introduce systematic errors in
the calibration. All diffusion coefficients are corrected for temper-
ature and viscosity effects and are given for 25 °C.

2.4. Data analysis

The series of absorption and emission spectra obtained in the
titrations of C152 with the surfactant were analyzed using
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principal components global analysis (PCGA) [21]. For FCS curves
two levels of nonlinear data analysis have been applied: (1) Indi-
vidual correlation curves were fitted by a fast home-built routine
that runs under LABVIEW (National Instruments). (2) Series of cor-
relation curves measured at different surfactant concentrations
were analyzed by global “target” analysis programmed in Origin-
Pro 8.0 (OriginLab Corporation, US) or in Matlab (The MathWorks,
us).

3. Theory

The necessary theory has been described in more detail else-
where and only a brief overview will be given here [3,4,18].

3.1. Mechanism

When a dye is added to a surfactant solution above the cmc,
depending on the nature of the dye, it can either associate totally
with the micelles or it can partition between the aqueous solution
and the micellar pseudo-phase. In the latter case a partition equi-
librium model is considered between free dye (D) and dye bound
to the micelles (Dy,):

K
Di+M = D, 1)

where K is the equilibrium binding constant [17]. As for any other
equilibrium process, absorption and fluorescence titrations with
constant concentration of dye and varying concentrations of mi-
celles (i.e., surfactant) allow for the determination of the binding
constant.

The concentration of micelles [M] can be obtained from the total
surfactant concentration [S] as follows:

[S] — cmc

M) = N @)

3.2. FCS

FCS analyzes spontaneous fluorescence intensity fluctuations
that may be caused by various processes at the molecular level
[4,22-24]. The normalized autocorrelation function G(t) of the
intensity fluctuations 6F(t) = F(t) — (F) is given by:

OF(t)-oF(t+ 7
(e  OFE) - OF(E-+7) )
(F(0))

The correlation function for translational diffusion Gp is given

by [6,25]:

G (1) :%<1 +T—TD)71 (1 + (‘:‘;‘j)zé)é “4)

A three-dimensional Gaussian distribution of the detected fluo-
rescence is assumed with radial and axial 1/e? radii wy, and w,,
respectively. N is the mean number of fluorescent molecules with-
in the sample volume and 7y, is the translational diffusion time of
the molecules across the sample volume, which is related to the
translational diffusion coefficient D by:

2
— ny
4ty

)

3.3. Correlation function for the partition equilibrium

The correlation function taking into account the variation in the
diffusion coefficient and in the brightness of a dye due to a chem-
ical equilibrium reaction has been described previously [5]. The

partition equilibrium (Eq. (1)) between free and bound dye is trea-
ted as a reversible chemical reaction with (partition) binding equi-
librium constant K = k. /k_ defined by the entry (association) (k. )
and exit (dissociation) (k_) rate constants.

Under conditions where the micelle concentration [M] is always
much higher than that of the dye, this concentration coincides with
the initial micelle concentration [M]o ([Df] < [M] ~ [M],), and the
reaction is pseudo-first-order with the relaxation (“reaction”) time
TR given by:

T = (ky Mg+ k) (6)

Applying the assumption that the relaxation time of the reac-
tion is much shorter than the typical diffusion times of free, ¢,
and bound dye, T3, (i.e. fast exchange, tr < ¢, Tp,), the following
correlation function for the diffusion and equilibrium reaction is
obtained:

1

1 \" W\ T
G =———(1+=— 1 ) ] (14 Age T
o () Nf+Nb< +TD> < +<Wz> TD) 1+ Aee)
(7)

where the diffusion term is defined by a mean diffusion time 7p and
an amplitude that depends on the mean numbers N; and N, of free
and bound dye molecules in the sample volume. The reaction term
has a relative amplitude A and a correlation time given by the reac-
tion time Tg.

The parameters Tp, Tg, and Ag can be expressed directly as func-
tion of [M], and K:

_ (14 KMy)
o= 1+§T§1<[M]2 ®)

Tr = (k- (1 +K[M]o))"' 9

_ NiNo(Qr = Qy)° _ K[MJo(1 - q)* (10)

S TQN + QN2 (14 gKM],)?

The reaction amplitude, Ag, depends on the brightness ratio
q = Q,/Q; of free and bound guest. The species-dependent bright-
ness is defined by the product of the extinction coefficients, fluo-
rescence quantum yield and detection efficiency Qy = & - P(px - &y-

It is interesting to analyse the amplitude of the correlation func-
tion Gpg (Eq. (7)) at different correlation times. At very short times
(t < tg) the amplitude is exactly that of two non-interacting spe-
cies weighted by their fractional intensities, as shown in Eq. (11).
At these short times the dye exchange is frozen and the two spe-
cies, free and bound dye, contribute independently to the total
intensity.

1 _ QfNt +QN,
Gpr(0) = N: +N, (1+4s) = (Q¢Nf + QpNy)°
(e VI(em Yy
Q¢Nr +QpNy/) Ny \Q¢Nr 4+ QpNyp/ Ny

However, at an intermediate time range typical for the diffusion
through the sample volume the fast exchange of the dye between
free and bound states smears out their properties and the dye ap-
pears as one single diffusive species with a mean brightness and a
mean diffusion time 7p (Eq. (8)). Therefore, as long as the exchange
is much faster than the diffusion, Tg < 7p, only a single diffusional
term is observed with an amplitude given by the inverse of the total
number of dye molecules Gpr(Tr < T < Tp) = (Nf + Nb)’l' indepen-
dent of the individual brightness, just as expected for the single
(mean) species.
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3.4. Brightness ratio

We will analyze more generally the influence of the ratio be-
tween the brightness of free and bound dye, ¢ = Q,,/Qs, on the sen-
sitivity of the FCS measurement to the dynamics of the dye
exchange. The observations are also valid for other similar revers-
ible reactions and other hosts. As explained before, the rate con-
stants of the reaction are determined from series of reaction
times, tr (Eq. (6)), which in turn are estimated from fits of Eq. (7)
to series of FCS curves in a titration experiment with varying mi-
celle concentrations. The reaction times are best determined from
reaction terms which both have high amplitudes Ag and appear at
long correlation times. The advantage of a high amplitude is di-
rectly the increase in the signal to noise ratio. Longer reaction
times shift the reaction term away from the limited time resolution
of the FCS equipment and towards regions of the correlation curve
with lower noise. An upper limit for the value of the reaction time
Tg that can be conveniently determined is imposed by the assump-
tions of a fast exchange (tr < 7p) in Eq. (7).

The dependence of the amplitude of the reaction term Ag on the
micelle concentration (Eq. (10)) is illustrated in Fig. 1 for different
values of the brightness ratio g. For convenience both the concen-
tration ratio K - [M], = Ny,/N¢ (upper nonlinear scale) and the molar
fraction of bound dye (X, = K[M],/(1 + K[M],)) (lower linear scale)
are given as scales. The linear dependence of the reaction time
trk. =1-Xp = (1+K[M],)™" (Eq. (9)) on the fraction of bound
dye is also indicated in the figure (grey dashed line).

The micelle concentration [M], ., and the molar fraction Xp max
at which the reaction term amplitude Ag reaches its maximum, as
well as the value of the maximum itself, Ax max, depend only on the
brightness ratio g:

1 1
K- [M]g.max = as Xb.max = m:
_(1-9°_ (Qa—Qw)
AR max _77W (]2)

The reaction time which corresponds to this maximum ampli-
tude is given by Eq. (13)

| P TP T ——

A o0
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Fig. 1. Reaction amplitude, Ag, at different brightness ratios, g, (left-hand scale,
black curves) and the dimensionless product between reaction time and exit rate
constant, (tg k_) (right-hand scale, grey dashed line), versus the molar fraction of
bound dye, X;, (bottom scale), or the concentration ratio K - [M], = Ny, /Ny (upper
nonlinear scale).

1
TRmax = F L

(13)

High amplitudes Ay are obtained for high brightness contrasts,
that is both for g > 1 and q < 1. However, in the case of dyes with
lower brightness in the bound state, <1 (q=0.5 and g =0.25 in
Fig. 1), high micelle concentrations (K - [M], > 1, X, > 0.5) are nec-
essary to achieve a significant increase in the reaction amplitude.
In the case of dye-surfactant systems with low binding constants
K the necessary micelle concentrations can be very high, exceeding
many times the cmc of the surfactant. This has several drawbacks:
(1) surfactant solutions are difficult to purify and usually introduce
some residual fluorescent impurities. Adding millimolar concen-
trations of surfactant to nanomolar concentrations of dye can be
a serious problem in FCS measurements. (2) At high surfactant con-
centrations the properties of the micelles, such as size, form or
aggregation number may change. (3) The reaction terms with high
amplitudes correspond to short reaction times, tx (see Eq. (9) and
dotted line in Fig. 1), with the mentioned disadvantages.

These problems are reduced by dyes which show an increase in
their brightness upon binding, that is that have high values of ¢ > 1
(g=2 and g =4 in Fig. 1). In this case the reaction amplitude in-
creases strongly already at low micelle concentrations and reaches
its maximum at low fractions of bound dye (K - [M], < 1, X, < 0.5).
Comparing two cases of the same 1:4 contrast, for g =0.25 the
maximum of the amplitude is reached at K - [M], = 4, whereas with
q =4 already at K - [M], = 1/4, that is a sixteen times lower micelle
concentration (note the nonlinear upper scale of K - [M], in Fig. 1).
Thus for this type of dyes only very small micelle concentrations
are necessary for the determination of the reaction term, which
in turn appears at longer reaction times, easier to resolve with typ-
ical FCS equipment.

Summarizing, Fig. 2 represents the dependence of the reaction
time at the reaction amplitude maximum, Tgmax (Eq. (13)) on
the brightness ratio for different typical values of the exit rate con-
stant k_. For an acceptable determination of the reaction dynamics
from series of FCS curves at different micelle concentrations, the
FCS curves with high amplitude of the reaction term should be well
resolved. The reaction time given by Trmax, thus indicates the
minimum reaction time which has to be well resolved by the

10 S 0.9

dynamic range accessible 08
[ standard FCS 0.7
i 0.5

fus

R.max

i

q

Fig. 2. Left scale and black lines: reaction time at the reaction amplitude maximum,
Trmax Versus the brightness ratio, g, for different exit rate constants k_. Right scale
and grey dotted curve: the dimensionless product of reaction time at the reaction
amplitude maximum and exit rate constant (Tgmax k) versus brightness ratio, q.
The grey area indicates approximately the range of reaction times which can be
determined with standard FCS equipment.
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measurement. Due to dead-time limitations of the counting elec-
tronics, standard commercial FCS equipment allows one to deter-
mine reaction times down to about one microsecond (although
the time resolution itself may be somewhat higher). This accessible
reaction time interval is shown as shaded area in Fig. 2. High
brightness ratios increase therefore the sensitivity and allow one
to study systems with higher exit rate constants. Depending on
the exit rate constant of the system, the brightness ratio may be
decisive for the accessibility of the reaction dynamics by a given
FCS equipment.

4. Results and discussion
4.1. Partition equilibrium

Absorption and fluorescence titration measurements were reg-
istered in aqueous solution at a constant concentration of C152 but
different concentrations of TX100. Fluorescence emission spectra
(Fig. 3) of C152 showed no changes after addition of surfactant at
concentrations smaller than the cmc of TX100. On the contrary,
at higher surfactant concentrations, systematic spectral variations
were observed: a significant blue shift and a huge increase in
intensity.

The dependence observed indicates a partition equilibrium of
C152 between the aqueous solution and the micellar pseudo-phase
with an equilibrium binding constant K (Eq. (1)). Under the exper-
imental conditions used (fixed dye concentration and excess of mi-
celles compared to total dye concentration) and in the absence of
excited-state association/dissociation processes, the following
relation can be deduced between the fluorescence intensity (or
the absorbance) at a certain wavelength, F(), and the concentra-
tion of micelles:

_ Fi(A) + Fol(2) K[M]y

F@) T+ KM, 14

where F¢(%) and F,(Z) are the limiting fluorescence intensities (or
absorbances) at wavelength / of the dye free in the aqueous solu-
tion and bound to the micelles, respectively.

9 rr T .
3.310%

| [TX-100]

01 1 -
M), 110" M

Fluorescence intensity (a.u.)

Afnm

Fig. 3. Fluorescence emission spectra of C152 in the presence of different
concentrations of TX100 in aqueous solution ([C152]=1.98 x 10~ mol dm3,
Jexc =405 nm). Inset: Fluorescence intensities of C152 at two wavelengths
(505 nm and 525 nm) versus micelle concentration of TX100 (logarithmic scale).
Symbols represent experimental data and lines fitted curves of Eq. (14) with the
parameters given in the text obtained from a global fit at all measured wavelengths.

Global non-linear analysis using PCGA to the full emission spec-
tra of Fig. 3 yield an excellent fit and a precise value of the equilib-
rium binding constant (Table 1) as well as the “pure” spectra of the
two species involved, i.e., free dye and dye bound to the micelles
(Fig. 4).

As compared to the values obtained with R123, the binding con-
stant K of the C152/TX100 system is approximately twice as high
(see Table 1). This may be because C152 is a neutral dye whereas
R123 has a positive charge, so C152 would have a higher affinity
to the apolar micellar pseudo-phase.

Absorption titration data are not shown here, since the spectral
change with TX100 concentration is much smaller than that ob-
served in emission. The quantitative analysis of these small
changes in absorption is complicated due to several reasons: (1)
TX100 shows a residual absorbance that overlaps with that of
C152. (2) In order to distinguish the C152 absorbance from that
of TX100 relatively high C152 concentration have to be used, much
higher than in the emission measurements. Under these conditions
the probability that micelles are occupied by more than one C152
molecule (occupancy numbers above 1) is no longer negligible.
Assuming that the mean occupancy number is based on Poisson
statistics, we use the value of the constant for the 1:1 binding equi-
librium determined from our emission data to calculate the prob-
ability of double occupancy (see Supplementary Material). This
probability remains negligible in the concentrations range used
for emission and FCS series, but rises above 10% in the absorption
measurements. Therefore, Global fits with the 1:1 complexation
model to the absorption data are not satisfactory and we take
the measurement at the highest TX100 concentration as an accept-
able approximation for the “pure” absorption spectrum of C152
bound to the micelles and use it to estimate the quantum yield
of this complex. This approximation does not affect the determina-
tion of the brightness ratio.

Fig. 4 shows the “pure” absorption and fluorescence emission
spectra of free C152 in aqueous solution and of C152 bound to
the micelles of TX100. The corresponding absorption spectra pres-
ent no significant spectral shift but a higher molar absorption coef-
ficient for bound C152. Emission spectra show a significant
intensity increase (which includes that of the absorption at the
excitation wavelength) and a small blue shift for bound C152.
The ratio between the fluorescence intensities of free and bound
C152 that will be observed in FCS measurements with a given exci-
tation wavelength and emission filter, the brightness ratio g, can be
determined integrating the corresponding pure fluorescence

Table 1
Binding equilibrium constants, photophysical parameters, and properties determined
from FCS of the dye C152 bound to TX100 micelles.

C152/TX100
K/10° M~! 129+3
q=Q/Q" 38102
op 0.064 +0.003
on° 0.21 £0.01
ovlof 32£02
7rms~! 0.122 +0.002
T ms! 1.22+0.03
Db,/10 10m2s! 52+06
Dy/1010m?s ! 0.52 +0.05
Rig/A! 47%02
R:::,//A 1 4745
k_[10°s7! 0.6+0.2
k.101°M 157! 0803
kq/10'°M 15! 2

All values are given for 25 °C.

2 Brightness ratio estimated from emission spectra for /ey =405 nm and inter-
ference filter: 550/100 nm.

" Fluorescence quantum yields of free C152 and C152 bound to micelles.



374 J. Bordello et al./Journal of Colloid and Interface Science 345 (2010) 369-376

Alnm
400 450 500
T L}

8

550 600

YT

" C152
— C152:TX-100

¢/10 mol” Lem™
('n'e) Aysusul souaasalon|4

vi10®em’

Fig. 4. “Pure” absorption and fluorescence emission spectra of C152 in aqueous
solution (gray lines), and bound to TX100 micelles (black lines) obtained as
described in the text. Also indicated are the excitation wavelength (Zexc = 405 nm),
the Raman band and the range of emission wavelength detected (/em) in the FCS
measurements as determined by the band-pass filter used (CWL=550nm,
FWHM = 100 nm).

emission spectra within the limits of the emission filters (gray
areas in Fig. 4). The relative quantum yields /¢ are calculated from
the same spectra but integrating the full spectral range and cor-
recting for the different molar absorption coefficients of the species
at the excitation wavelength. The results are given in Table 1. The
boost in the brightness of C152 in the presence of TX100 micelles is
determined by the increase of the molar absorption coefficient at
the excitation wavelength (405 nm) and especially of the fluores-
cence quantum yield. This way, the entry/exit processes of C152
into/out of a micelle results in an effective variation (“blinking”)
of the brightness, which can be observed in FCS measurements.

4.2. FCS measurements

In order to achieve optimal conditions for the determination of
the dynamics of the reaction process of a given surfactant - dye
system several experimental parameters have to be balanced: (1)
a low excitation irradiance avoids saturation, photobleaching and
triplet population but may increase the measuring time unaccept-
ably, especially in the case of dyes with low brightness, (2) a bigger
confocal volume increases the diffusion time and improves the
separation between reaction and diffusion terms (tr < 7p) but also
raises the background signal and the probability of photobleaching,
especially at high host concentrations, and (3) the range of micelle
concentrations in the titration has to be optimized both for the res-
olution of the reaction term at high amplitudes Ag and for the
determination of the diffusional properties of free and bound
dye. In the case of a dye with g > 1 it may be convenient to separate
the determination of the reaction term at low micelle concentra-
tions (K-[M], <1) from the titration at high concentrations
(K- [M], > 1) necessary for the estimation of the diffusion time
7 of bound dye.

In order to determine the optimal excitation irradiance power
series were measured for free and bound C152 under the same
experimental conditions as used later for the FCS curves. Satura-
tion and photobleaching at too high irradiance will reduce the
apparent diffusion time and introduce therefore significant error
in the determination of the diffusional properties [26,27]. Fig. 5
shows a double logarithmic plot of the fluorescence count rate of
the dye calculated as the difference between the fluorescence

intensity detected from samples with and without dye, versus
the mean irradiance (Io/2).

The fluorescence count rate registered from C152 in the absence
of TX100 (filled black squares in Fig. 5) increases linearly at low
irradiance but levels off at about 50 kW cm~2 due to saturation.
The addition of an intermediate concentration of TX100 micelles
([M]o=0.011 x 10> mol dm3, K - [M], ~ 1.4) increases the regis-
tered intensity (filled black circles) according to the expected in-
crease in brightness of the dye. Saturation is observed at
approximately the same irradiance. At a much higher micelle con-
centration ([M]o=0.10 x 107> mol dm~3, K - [M], ~ 13) the regis-
tered intensity (filled black triangles) increases still, but levels off
strongly at high irradiance due to saturation and photobleaching,
falling even below the intensity found at lower micelle concentra-
tions. Due to the binding equilibrium the presence of micelles in-
creases the mean residence time of the dye in the focal volume
which leads to a higher photobleaching probability. The effect of
saturation and photobleaching is well appreciated comparing the
values of the diffusion time 7p of C152 determined from FCS curves
at different micelle concentrations and at increasing irradiance as
indicated as open symbols in the same Fig. 5. At zero or intermedi-
ate micelle concentrations 7p is constant within the experimental
error up to about 40 kW cm ™2, whereas at high micelle concentra-
tions already at about 30 kW cm 2 a strong decrease is observed.
At high irradiance the real transit time is not observed but the time
until the dye is bleached. In order to minimize the effects of satu-
ration and photobleaching an irradiance of about 26 kW cm 2
(207 pW in the sample) was chosen. This irradiance is high enough
to assure acceptable measurement times for the determination of
the reaction term at intermediate micelle concentrations and is
just acceptable for the estimation of 7p at highest concentrations.

The next step is the evaluation of the influence of the triplet
reaction. For this aim FCS correlation curves were measured at dif-
ferent excitation irradiances for C152 in aqueous solution and in
the presence of high TX100 concentration ([TX100]=14.8 x
103 mol dm 3, [M]o=0.10 x 10~ mol dm 3, concentration ratio

Fluorescence Intensity fkcps
suy %

" i " " PR | 00
10° 10°

Mean Irradiance (/,/2) /Wem™

Fig. 5. Detected fluorescence intensity (filled symbols, left scale) and apparent
diffusion time (open symbols, right scale) of C125 versus mean irradiance (Ip/2) at
different micelle concentrations as indicated (squares: [M]p=0 M, circles:
[M]o=0.011 mM, triangles: [M]o=0.10mM). The solvent signal (water or
water +TX100) was measured separately and was subtracted from the total photon
count for each sample. The vertical dashed arrow indicates the irradiance used for
the FCS measurements of the reaction dynamics.
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K - [M], ~ 13). The triplet-state population depends directly on the
excitation power [6,28], whereas the dynamics of the dye-micelle
association reflected in the reaction term does not depend on exci-
tation power but changes with the concentration of micelles (see
Egs. (9) and (10)). At all irradiances the curves without TX100 need
only one diffusion term for the model to fit satisfactorily. In the
presence of TX100 micelles no excitation power dependent term
was found and therefore no triplet term has been taken into ac-
count in the fits.

As pointed out before, the exchange dynamics are best deter-
mined at micelle concentrations which lead to high amplitudes
in the reaction term. In this system the maximum reaction term
amplitude, Ag, corresponds to a very low micelle concentration of
Mg max = 0.002 x 107> mol dm— (K - [M]q . =~ 0.3) as estimated
from Eq. (12) and the values of g and K determined from bulk mea-
surements (Table 1) (see also Fig. 6). For the titration finally five
FCS curves were measured at concentration ratios of K - [M]y ..
0, 0.3, 1.4, 2.3 and 13 as shown in Fig. 6. Beside the curve at
[M]y max Other higher concentrations were added in order to im-
prove the statistics and to separate better between diffusion and
reaction term in the global fit. The curves at zero and at the highest
micelle concentrations contain no information about the reaction,
but help to estimate the diffusion coefficients of free and bound
dye. For the reasons discussed before, this experiment is not opti-
mized for the determination of the diffusion coefficients or the
equilibrium constant. These would require a lower irradiance and
a higher number of curves which cover a wide range of at micelle
concentrations. This is not the aim of this study and the values of
the diffusion coefficients given here are therefore only rough
estimations.

Global “Target” Analysis of this series of FCS curves using Eq. (7)
lead to satisfactory fits, as shown by the accordance of the fitted
curves with the experimental data and the randomly distributed
residuals (see Fig. 6). Leaving all parameters of Eq. (7) free in the
fits leads to a binding equilibrium constant of K=(140+ 10) x
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Fig. 6. Upper panel: normalized correlation curves of C152 in aqueous solution in
the presence of different concentrations [M], of TX100 micelles ([M]o = 0-0.10 mM
corresponding to K - [M], = 0,0.3,1.4,2.3 and 13) (gray noisy lines), measured at an
irradiance of 26 kW cm 2. The smooth curves are obtained from a global fit of Eq.
(7) to the experimental data with fitting parameters given in Table 1. All curves
were normalized by multiplication by N, the total number of molecules obtained
from the fit. Inset: stacked view of the fast part of the same FCS curves. Lower panel:
corresponding weighted residuals in arbitrary units. The weighting amplifies the
residuals at long correlation times.

10°M~', in good concordance with the value K=(129 #3) x
10°M~! determined from bulk measurements. This later value
was then kept fixed in the fits. The brightness ratio of q = 2.5 ob-
tained from these fits coincides with that estimated directly from
the total fluorescence intensities registered in the FCS measure-
ments, but is significantly smaller than that observed in the bulk
(see Table 1). This is probably due to the spectral responses of
the FCS-detectors and to polarization effects. The results of the fits
are shown in Table 1. The entry rate constant k. is not a direct fit
parameter, but it is calculated from the binding equilibrium con-
stant K and the exit rate constant k_.

4.3. Diffusional dynamics

The diffusion times obtained from the analysis of the fluores-
cence correlation curves (Table 1) are converted to diffusion coef-
ficients using Eq. (5) and then to the corresponding hydrodynamic
radii R, applying the Stokes-Einstein relation:

kT

- 67nD 15

Ry
where k is the Boltzmann constant and # the viscosity of water
(0.8905 cP at 25 °C). The values obtained are also given in Table 1.

As expected, the diffusion coefficient of bound C152 is much
lower than that of free dye and coincides well with the diffusion
coefficient of empty TX100 micelles determined by Dynamic Light
Scattering (D =0.54 x 1071 m? s~!) [14] (values from some other
references are significantly lower but they are not based on such
a detailed study as in the reference cited). The presence of a small,
noncovalently bound neutral dye has no significant effect on the
translational motion of the micelles, as opposed to large fluores-
cent probes which perturb the micellar structure and lead to a sig-
nificant decrease of the diffusion constant [29].

A comparison to the values of Dy, and Ry, obtained for the asso-
ciation of R123 to TX100 micelles shows significant differences [3].
This may be due to the uncertainty in the calibration of the focal
area of different FCS equipment, the use of different dyes as refer-
ences, and the general limitations of standard FCS to accurately
determine absolute diffusion coefficients [27]. However, these dif-
ferences may also be explained by the influence of the micellar
concentration itself on the micellar self-diffusion coefficient, Dy,
due to changes in shape and aggregation (N,g) of the micelles with
increasing surfactant concentration [30].

4.4. Partition dynamics

Table 1 gives the values of the rate constants of dye entry (k.)
and exit (k_) obtained from the fits of the fluorescence correlation
curves. Neither the entry nor the exit processes take place during
the lifetime of the excited state, since both the rate at which the
coumarine molecules enter into the micelles (k.[M]) and the exit
rate (k_) are, for all studied concentrations, much lower than the
fluorescence deactivation rate of C152. Lifetimes for 7-aminocou-
marines range between 0.4 and 5 ns depending on the solvent, that
of C152 in water being about 2 ns [12].

The high value obtained for the entry rate constant (k.) of about
1 x 10" M~! s~ ! suggests a diffusion-controlled process for the en-
try of the neutral dye C152 to the TX100 micelles. The rate constant
corresponding to a purely diffusion-controlled association process
between dye and the micelle (kq), can be roughly estimated apply-
ing the Smoluchowski equation:

kd = 4nDpmRpmNo (16)

where Dpy and Rpy are the sums of diffusion coefficients and
hydrodynamic radii of the dye (free C152) and the micelles (bound
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C152), respectively, and Ny is the Avogadro constant. Comparing the
values of k, with that of kq~2 x 10'°M~' s~ a good agreement is
found, which corroborates a diffusion-controlled entry rate con-
stant (see Table 1). This behaviour of the micelle as a “soft” supra-
molecular cage is similar to that found before for the entry of the
cationic dye R123 in the same micelles [3]. The entry rate constant
found in this study are of the same order of magnitude as those re-
ported for other solubilizates and different types of micelles deter-
mined with other techniques [1,17,31].

The exit rate constant k_ =6 x 10% s~ ! is much lower than that
found for the R123-TX100 system. It is known that the exit rate
constant varies strongly with the hydrophobicity of the solubiliz-
ate, which is higher in the case of C152. This is reflected in the
much higher binding equilibrium constant of the C152 system. Gi-
ven that in both cases the entry is diffusion limited, the overall
affinity of the dyes to the micelles is mainly determined by the exit
process.

5. Conclusions

Matter exchange is a fundamental process in colloid and inter-
face science. Fluorescence Correlation Spectroscopy has the po-
tential to reveal these typically very fast exchange-dynamics.
The study of hydrophobic interactions in ionic colloidal systems
requires neutral fluorescent probes, which typically present a
lower brightness, worse photostability and mostly need an exci-
tation at lower wavelength as compared to the charged dyes
mostly used in FCS. We have shown in this contribution that
the dynamics of the (host-guest) association of a neutral hydro-
phobic dye to micelles can be studied by FCS in spite of the low
quantum yield, low saturation threshold and higher energetic
excitation of the dye. The careful selection of the experimental
conditions allows one to obtain the dynamic and diffusional
properties with reasonable precision. We discuss that the con-
trast in the brightness of free and bound dye (brightness ratio
q) has a strong influence on the sensitivity of the FCS experiment
to the association dynamics. A strong contrast q > 1 leads to high
amplitudes of the reaction term already at low micelle
concentrations.

We found again that the micelles act as a soft cage which allows
a diffusion-limited entry of the dye into the micelle. Being the
association rate constant diffusion-limited, both the binding equi-
librium constant and the overall exchange (relaxation) rate of dif-
ferent micellar systems will be determined mainly by the exit rate
constant, which shows a strong dependence on the specific inter-
actions between dye and micelle. This leads to a broad dynamic
range of the exchange in micellar systems, which can be well cov-
ered by FCS.

The use of both neutral and charged dyes opens the way to sys-
tematic studies of the dynamics of matter exchange in series of
neutral and ionic colloidal systems and to evaluate the role of elec-
trostatic as compared to other weak interactions.
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Chemists have long pursued the design and preparation of
small molecules that can recognize specific DNA sequences.
Deciphering the human genome and on-going efforts to
sequence the genomes of many other organisms have
provided a wealth of information about DNA targets of
both therapeutic and diagnostic interest, and therefore there
is a renewed interest in the development of smart DNA
minor-groove binders."?! Despite the detailed structural and
thermodynamic information available regarding the interac-
tion of a number of minor-groove binders with DNA, kinetic
data are much more scarce. In addition, the very low
dissociation rates typical of these agents result in very slow
binding dynamics, which are hard to measure experimen-
tally.”) Typically, stopped-flow methods are used, but this
technique can yield complex kinetics and artifacts arise from
the relatively high binder concentrations required. Moreover,
the dissociation rates are usually obtained with indirect SDS-
sequestering techniques that only give apparent rates.
Dynamic data of archetypical minor-groove binders such as
distamycin or Hoechst 33258 indicate that the association
process is very fast and nearly diffusion limited, which is
surprising given the severe geometric constraints imposed
upon the inclusion of a binder into the narrow minor
groove.*!

Cationic bisbenzamidines are able to target AT-rich
sequences preferentially over those containing GC pairs.
Prominent examples of this family of molecules, such as
pentamidine or furamidine, have found clinical applications
and are used for the treatment of several major tropical
diseases.®! Nevertheless, the toxic side effects of these
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bisbenzamidines'”’ have encouraged the search for new
derivatives with improved efficacy, improved pharmacolog-
ical properties, and reduced adverse effects.'”’ Bisbenzami-
dines bind short AT-rich DNA sequences by insertion in the
narrow minor groove. NMR spectroscopy and X-ray crystal-
lographic studies agree on the general model of the inter-
action, wherein the positively charged amidinium groups are
situated deep in the minor groove, making both direct and
indirect hydrogen bonds with the DNA bases and electro-
static contacts with the bottom of the groove.!"!

Recently, we reported several rapid and practical
approaches to synthesizing bisbenzamidine DNA binders,
some of which can be easily conjugated to functional groups
or fluorophores.“zl Using these methods, we made the
conjugate BBA-OG (Scheme 1), which features an Oregon
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Scheme 1. Synthesis of Oregon Green-labeled bisbenzamidine BBA-
OG. DMF =dimethylformamide; DIEA= N,N-diisopropylethylamine.

2

Green (OG) fluorophore attached to the DNA binder,
bisbenzamidine (BBA). We envisioned that the presence of
a negatively charged carboxylate in the fluorophore would
increase the DNA dissociation rate, and thereby allow us to
extract kinetic information using fluorescence correlation
spectroscopy (FCS). This technique provides a sensitive
single-molecule approach to study the fast kinetics of
biomolecular interactions," yielding accurate values for the
binding equilibrium constant, the association and dissociation
rate constants, and the diffusion coefficients,'*" from which
the diffusion-controlled rate constants can be estimated.!'*) To
the best of our knowledge, this technique has not been
previously used to analyze the dynamics of minor-groove
binders. The wide dynamic range of FCS makes it possible to
identify the rate-limiting step in the association event by
comparison of the dynamics of the association to DNA with
different sequences and chain lengths, and thus to evaluate
processes such as sliding or two-dimensional diffusion, which
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have been proposed as likely mechanisms for the binding of
proteins to DNA 11617

FCS titrations of BBA-OG with three short hairpin (hp)
oligonucleotides (12 bp +loop) containing as key target
sequences AAATTT, AATTT, and a non-target control
GGCCC and with a longer dsDNA (50 bp) containing one
AAATTT site, were performed. For the AAATTT-hp, an
additional FCS titration at a higher salt concentration was
measured (see Supporting Information for full DNA sequen-
ces). Figure 1 shows normalized fluorescence correlation

x10

Figure 1. FCS curves of the titration of BBA-OG with AAATTT-ds and
results of a global fit of the dynamic-equilibrium model (Supporting
Information, Equation S1-S4). Insets: variation of the mean diffusion
time 7p, the relaxation time g, and the relaxation amplitude Ag with
the [DNA] calculated from the fit parameters. Lower panel: unweighted
fit residuals. The small deviations at high DNA concentrations are
from minor fluorescent impurities in the DNA samples. Above 100 ps
a factor of 10 was applied.

curves of the binding of BBA-OG to the longer dsDNA.
Without DNA, only a translational diffusion term of the
binder with correlation time 7, is observed. Addition of DNA
increases 7p, reflecting the slower diffusion of the dye when
bound to DNA. Additionally, a new term appears with
a shorter correlation time 7y, which decreases as the concen-
tration of DNA is increased (see insets in Figure 1). 7y is the
relaxation time of the reversible binding process:
7x = (k. [DNA] + k_)™" with k. and k_ being the association
and dissociation rate constants, respectively. The large
amplitude Ay of this term is because of the large increase in
the brightness of bound BBA-OG." The diffusion and
relaxation terms show the expected concentration depend-
ence and are independent of the irradiance."'! To reduce
parameter correlation, the FCS titration series were analyzed
by global target fits!"'* with a common dynamic-equilibrium
model of the diffusion, triplet, and relaxation terms (Figure 1
and Figure S1-S4). The parameters that best fit the whole
data set are given in Table 1 and Figure 2.
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Table 1: Association (k.) and dissociation (k_) rate constants and
binding equilibrium constant (K) of BBA-OG with dsDNA. The values of
k. are calculated from the fit parameters k_ and K (K=k,/k_).

DNA® ki [x108m's™] k [x10%s™] K[x10°m™
AAATTT-hp?! 1.36£0.01 3.1940.02 4.27+0.03
AATTT-hp®! 0.95+0.01 4.89+0.05 1.9540.02
GGCCC-hpt! 0.083 +0.003 14.0+0.4 0.05940.001
AAATTT-ds"! 1.56+£0.02 2.8440.02 5.474+0.05
AAATTT-hp! 0.65+0.03 4.63+0.01 1.4140.03

[a] [NaCl]=0.1m, [b] [NaCl]=1.0 M. See the Supporting Information for
complete oligonucleotide sequences.

g1
_kgi_/ M's ‘)

10704 L 108
k IM'1S1)
10° E10°
T 1084 104 T
kms™ Kis!
1074 E103
108 102

AAATTT-hp  AATTT-hp GGCCC-hp AAATTT-ds

Figure 2. Association (gray, left scale) and dissociation (white, right
scale) rate constants of BBA-OG with DNA, calculated from FCS
measurements. Estimates of the diffusion-controlled association rate
contants ky and kg, defined in Scheme 2 (see Supporting Information).

Figure 2 shows that the association rate constant
decreases by more than one order of magnitude from the
AT-rich to the GC-containing sequences, whereas the disso-
ciation rate constant increases three to five times. Both
association and dissociation contribute to the specificity for
the AT-rich tracts, but the association has a higher effect. This
is in agreement with reported results for the binding of the
antibiotic distamycin to sequences with different numbers and
positions of mismatched sites.! Moreover, the absolute
values of k, for the AT sequences coincide well with those
reported for other minor-groove binders*” and show the
small decrease with increasing Na' ion concentration
expected for groove binders,™ suggesting they might have
analogous association mechanisms. Nevertheless, the dissoci-
ation rate constants are about four orders of magnitude
higher than those of typical minor-groove binders, resulting in
much lower binding constants.

The above results indicate much weaker specific inter-
actions between BBA-OG and the DNA minor groove, which
is probably owing to the electrostatic repulsion between the
negatively charged OG moiety and the DNA phosphate
backbone. The higher binding constants of unlabeled bisbenz-
amidines supports this explanation.'”” On this basis, we can
consider BBA-OG as a valid model for the study of the
association process of small molecules binding to the minor
groove of DNA.

To determine the rate-limiting step for the association
process, we compared the dynamics of binding to the short
DNA AAATTT-hp with that to the much longer AAATTT-
ds, which has been designed to avoid additional AT-rich sites.

Angew. Chem. Int. Ed. 2012, 51, 75417544



Curiously, we did not find significant differences in the
binding dynamics of these two duplexes (Table 1, Figure 2).
The similar dissociation (k_) is readily explained in terms of
similar specific interactions with the AAATTT sequence.
However, if diffusion plays an important role, the association
dynamics should be affected by the increase of the DNA
length.

For a more detailed analysis, we propose a two-step
mechanism like that previously used to describe other
supramolecular binding processes (Scheme 2).'*'%! The first

separated species encounter complex bound species

V)
o
L
i» — k
<k— — v
+ )v‘ “ e ‘k_ &
ky g
o
ky
K.
k_ 4

Scheme 2. Two-step mechanism proposed for the binding of BBA-OG
to DNA involving the formation of an encounter complex, with the
binder localized at the DNA reactive site (L) or unlocalized (U).

step is the formation of an encounter complex between DNA
and binder, with a diffusion-controlled association rate which
can be estimated based on the geometry of the DNA and
binder. The second step is the insertion of the binder into the
minor-groove with a rate constant k,, a process which conveys
structural rearrangements or the breakdown and reconstitu-
tion of the network of water molecules surrounding the
interacting species. The experimentally determined k. corre-
sponds to the overall reaction described by a single relaxation
time and is determined by the rate-limiting step. This
mechanism is therefore different to the sequential model
proposed for the binding of Hoechst 33258 to DNA!" which
involves two reactions, with their corresponding two observed
reaction times.

Assuming a rod-like structure of the DNA with a localized
reactive site, we estimate lower bounds (see Supporting
Information) of the diffusion-controlled association rate
constants k4 and k4 for the formation of unlocalized (U)
and localized (L) encounter complexes, respectively, where
the binder is either located arbitrarily at any position of the
DNA (U) or already localized near to the reactive site (L)
(Scheme 2).1"!

The estimated values of k' for the formation of localized
complexes L are of course significantly lower than those of k4
corresponding to the formation of U, especially in the case of
the long dsDNA (Figure 2). Nevertheless, even for the most
specific sequences, both k,; and k, are at least one order of
magnitude higher than the observed overall rate constant k.
This shows that the diffusion-controlled formation of the
encounter complex is not the rate-limiting step, even if the
binder is required to be located near the reactive sequence
(L complex). The encounter complexes U and L are in rapid

Angew. Chem. Int. Ed. 2012, 51, 75417544
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pre-equilibrium with the separated species so that the overall
rate of association between BBA-OG and DNA is not
diffusion limited but determined by the next step of the
process, namely the unimolecular inclusion into the minor
groove. This step is probably controlled by geometric and
orientational requirements, which depend on the critical
dimensions of both the binder and the minor groove. The
presence of an exocyclic 2-amino group in the minor groove
of GC tracts®! may explain the much lower value of k,
obtained for GGCCC-hp.

We can also conclude that processes that increase the rate
of formation of localized encounter complexes, such as sliding
or two-dimensional diffusion along the DNA strand,"*'” do
not play a key role in the association rate of BBA-OG, and
probably also do not for other minor-groove binders.

In summary, our results indicate that the association
process of BBA-OG to dsDNA is not controlled by diffusion,
but by the rate-limiting insertion of the binder into the minor-
groove. Moreover, we find that the association process has an
important effect on the specificity to AT-rich sites, whereas
the differences in the binding affinity are mainly determined
by the dissociation rate. This mechanism might constitute
a general mechanism for small minor-groove binders, but this
should be confirmed with further studies on more typical
minor-groove agents. This information should be useful for
the design of new DNA binders with optimized properties
and for the future understanding of the behavior of these
molecules in more complex cellular environments. This work
has also shown the potential of FCS for the study DNA
binding dynamics of minor-groove binders using labeled
derivatives.

Experimental Section

Oligonucleotides were purchased from Thermo Fisher Scientific Inc.
Nucleotide sequences and the procedure for reconstitution and
annealing are provided in the Supporting Information. Details of the
synthesis of the BBA-OG can also be found in the Supporting
Information. Experimental setup and conditions, as well as the details
of the data analysis for the FCS measurements have been published
elsewhere!'®??l and are specified for these experiments in the
Supporting Information. The uncertainties given in Table 1 represent
one standard deviation as obtained by the fits.
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