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Abstract

Single pair fluorescent resonance energy transfer (spFRET) was used to monitor the
;onforrﬁaﬂoml dynamics of individual DNA hairpins both free in diffusion and attached to a
glass surface. Exponential distributions were found for the native and denatured state
lifetimes, which are expected in the simple two-state model of a DNA hairpin. For hairpins
with a loop size of forty adenines and a stem size of either seven or nine bases the
respective closed-state lifetimes are 45 (x+ 2.4) ms and 103 (+ 6.0) ms while the respective
open-state lifetimes are 133 (¢ 5.5) ms and 142 (+ 22) ms. As predicted, the closed-state
lifetime is dependent on the stem length and is independent of the loop characteristics.
The measured native and denatured state lifetimes are larger than the ﬁumbers expected
by extrapolation from a previous study. The bio-specific and chemoselective ligation
methods used to immobilize DNA hairpins and other biqlogical macromolecules to glass
surfaces, along wi'rh both gel and polyacr’ylamicie immobilization methods, are described in
detail.

Ratiometric detection of seminaphthorhodafluor (SNARF) quorophor'es was used to
examine local environmém‘al effects and changés in pH on ‘fhe single molecule level. SNARF
also served as a simple two-state system to examine the distribution of properties of a
population on a single molecule level. The protonation-deprotonation process for this
fluorophore is shown to be diffusion-limited and evidence for observations of individual

protonation events is presented.



Oxygen scavenging systems were examined for their utilities in the prevention of
photobleaching of the fluorescent molecules rhodamine 6G (R66) and .ﬂuore.scein as well as
the tetramethylrhodamine (TMR) and cyanine-5 (Cy5) dyes used in DNA hairpin spFRET
measurements. Fluorescence correlation spectroscopy (FCS) was employed to examine the
effects of four oxygen scavengers, glucose oxidase (GOD), Trolox™, propyl gallate (PG),
and mercaptoethylamine (MEA) on the triplet states and photobleaching of R6G and
fluorescein. A figure of merit was employed to determine the overall effectiveness of the

oxygen scavengers in producing the maximum emission from fluorescent molecules.
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Chapter 1

Introduction to single molecule detection and fluorescence

A brief history of single molecule detection

The ability to perform experiments on single molecules has opened up new areas of
physics, chemistry, and biology. Measurements of single molecule quantum jumps [1],
spectral diffusion [2,3], photon antibunching [4] and other quantum phenomena has offered
new insights into photophysical properties of fluorescent molecules and local environmental
effects on quantum éysfems; Single chemical reactions’can be measured, and previously low-
yield reactions can now be monitored within confined geometries [5]. Diffusion in two
dimensional lipid bilayers has been recorded [6], and the interaction of diffusing molecules
with surface charge double-layers has been studied [7]. There has Been a revoluﬁqn in
biological experimentation brought about by the ability to fluorescently tag and mor;ifor
single molecules via optical techniques such as confocal microscopy, evanescent field
imaging, and wide field imaging. Single ATP turnover events [8], DNA folding, and peptide |
folding [9] have been ob;erved. Motor ﬁrotein studies have perhaps benefited the most to
date from the application of single molecule techniques, allowing the motions of single
kinesins along microtubules [10] and conformations, rotations, and step-wise mechanical
motions of myosin along actin filaments to be recorded [11-13]. Most dramatically, the

“rotational catalysis” model of the F1-FO ATPase (aka. H'-ATP synthase) complex was



finally proven beyond doubt by the group of Kinosita by imaging individual molecular rotor
complexes in motion [14].

The field of single molecule detection (SMD) and specfroscbpy (SMS) has seen
enormous growth in the past ten years since single molecules were first isolated at liquid
helium temperatures in solid matrices by W.E. Moerner [15] and Michel Orrit [16]. Talks and
seminars on the subject of single molecules have graduated in | ‘rhé p&sf decade from
audiences of 15 to 20 people to full conferencé ballrooms. The appeal of single molecule
measurements becomes clear when they are compared to traditional ensemble Tgchnique‘s;
In ensemble measuremenfs, the behaviors of an enormous number of individual molecules
are averaged together to result in the measurement of one particular bulk behavior. When
this is done, the distribution of properties within the ensemble is Ios'r,'v and rare events are
impossible to detect. For systems with a large degree of inhomogeneity, which is often the
case in complex living systems, knowledge of the distribution of properties is im)aluable.
When measurements are done on the sihgle molecule level, it is possible to recovef property
disfribuﬁoné, to detect mré events, to observe the trajectory of a molecule's behavior, ana
to evaluate how a molecule's interaction with its local environment changes in the course of |
time. It is also possible to view molecular kinetics on the single molecule level without the
need to synchronize eveits. Examples of this include photophysical processes, protein or
nucleic acid folding, and enzymatic reactions. In some cases enseﬁble measurements on a
system are simply not possible, due to small amounts of the sample being studied. .
Techniques for single molecule detection are varied‘, each with its own particular

strengths and weaknesses. Mature scanning probe microscopies such as atomic force

microscopy (AFM) and scanning tunneling microscopy (STM) are powerful methods of
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imaging and performing spectroscopy on si@le atoms and molecules. STM sample
requirements are very restrictive and the best STM work is done in vacuum, which
precludes active biological samples. STM and AFM are also limited to samples that are
immobilized or bound to surfaces, and while AFM has been applied with good results to
biological systems in solution [17,18), it is difficult to use AFM to study rapid processes
such as enzymatic catalysis and chemical reactions.

If the focus of a measurement is on a macromolecule of biological interest, a probe
microscopy is often considered overly invasive. While optical techniques have the
disadvantage that their spatial resolutions are typically diffraction-limited to on the order
of half the wavelength of light used, they af;e often preferable for use with biological
systems. Optical methods can be applied non-invasively not only to molecules bound to .
surfaces but also to molecules embedded in matrices, freely diffusing, or in living cells.
Fluorescence methods are particularly valuable, since they usually result in high signal-to-
background ratios. With the wide mngé of fluorescent probes and indicators currently
available, it is now pos'sivble to measure local pH, Mg®, Ca®, Na', and K* concentrations, as
well as electrical potentials, solvent exposure, aggregation, and rotational properties of
molecules. In order to obtain single molecule resolution via optical methods, it is necessary
to spatially separate thé molecules of interest by either immobilizing them far apart on a
surface or in a gel, or by working wi'r.h such low concentrations in diffusion that the
probability of finding more than one molecule in the excitation volume is negligible. In
a&difion, fluorescence measurements applied to single molecules have fhé requirements of
specific labeling and low false positive detection. It should be remembered that in all types

of single molecule measurements, the observation of a behavior on a single molecule is
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insufficient and that statistics on many molécules are required to determine the precise
distribution of properties present within a given population of molecules.
Single molecule optical detection was first achieved at cr’yogehic temperatures by
the group of W. E. Moerner. Their technique, which utilized the selective absorption of
| locally-perturbed single dopant molecule,é within an inhomogeneously pmadened population in
a p-terphenyl crystal, allowed the photophysical properties of single molecules to be
resolved for the first time. The frequency selection technique allows the investigation of a
broad range of qua‘n‘rum. phenomena at low temperatures but is not generally applicable. The
room temperature isolation éf a single molecule was first achieved by Keller and others ina
‘focused hydrodynamic flow [19]. In their case, the molecule defected was the
multichromophoric phycoerythrin B8 which has the effective brighfness of ~ 25
fluorophores. The first observation of a single fluorophore at room temperature was
achieved by Shera et al [20] by measuring bursts of fluorescence emission from molecgle.s
moving through a flow cell. |
It was the meﬁsuremem* of the photophysical properties of a single immobilized |
fluorophore by the hybrid technique of. near-field scanning optical microscopy (NSOM) that
energized the field. NSOM was developed by Eric Betzig in order to overcome the
diffraction limit of conventional far field optics [21-23]. NSOM beats the diffraction limit
by localizing excitation in the near field, passin.g light through a tapered, metal-coated fiber
tip and placing the tip close enough to a fluorgscen‘r molecule (through AFM-like shear force
feedback) to excite the molecule with the emitted evanescent field. The fluorescence from
the molecule is collected by conven‘riqnal high numerical aperture far field optics. The

spatial resolution of the Techhique is limited by the tip size itself (usually on the order of



50-100nm). NSOM allows such optical measurements as single molecule spectroscopy [24],
energy transfer [25], and dipole orien‘taﬁon [23]. NSOM, however, suffers from the
drawbacks of tip irréproducisility, low throughput powers, and sdmplé perturbation by the
tip itself. NSOM is currently not applicable to biological samples in solution.

In some cases it is possible to 'rmé single moleéules [26, 27] and apply optical or
physical techniques such as stretching or twisting to gain knowledge of the material or
mechanical properties of biologicdl molecules. Examples of this include measurements of
double-stranded and single sfmnded DNA persistence lengths [28], observation of domains
within titin muscle proteins [29], and studies of the elasticity of supercoiled DNA [30].
These types of trapping require either a large molecule such as lambda-DNA or aﬁachmenf "
of the molecule of interest to a larger particle such as a bead, which is not feasible in most
cases of smaller molecules such as single proteins or enzymes.

Far field optical detection of immobilized single molecules at room temperature got
its start with work by the group of Rigler and by Trautman and Macklin. Dapprich et al [31]
immobilized dye molecules in gel and utilized confocal scanning microscopy to image siﬁglé
molecules. Trautman and Macklin obtained information on the spectral fluctuations and
lifetimes of dye molecules immobilized in a polymer matrix and compared the information
. obtained with far field fo the same type of molecules examined via NSOM [32,33]. They
found that in exchanging NSOM measurements for far field ones, information such as
detailed dipole orientation information and spatial resolution are lost while non-invasiveness
and higher data acquisition rates are gained. The increase in the data acquisition rate with

far field measurements allowed the obtainment of single molecule lifetimes for the first



time.’ Farv field excitation results in signal to noise that is superior to NSOM since it is
possible to use higher excitation powers without the concerns of heating a metal tip.

Others soon followed the lead of Trautman, Macklin, and ﬁigler in switching to the
much easier far field exper'irhen‘rs, and the technique of NSOM was quickly left in the dust.
In addition to far field confocal microscopy, wide field techniques to detect single
molecules were also developed. With the improvement in detectors and filters for blocking
Rayleigh-scattered excitation light and other background fluorescence, it became possible
to capture wi&e-field CCD images containing several individual molecules [8, 34]. Evanescent
field imaging via fofal internal reflection geometries got around background problems by
confining excitation volumes to the ~ 180nm ev;xnescenf field, using either a prism‘ or the
ob jecﬁve itself to form the evanescent field. Two-photon microscopy has also found a place
in the single molecule field [35, 36], since it offers superior background reduction over one-
.phofon techniques. The excitation volume defined by two-photon absorption depends on the
square of the excitation intensity rather than linearly on the intensity, resulting in a smaller
overall excitation volume for Gaussian input beams. This is especially useful in opf.ical
sectioning, since any bleaching of the samplé will occur in the redu;ed region of absorption,
allowing better imaging of consecutive sections. Since the two-photon absorf:fion involves
two long wavelength photons, the fluorescent emission "wiII typically be at a. shorter
wavelength than the excitation. The contribution of autofluorescence to the background in
fluorescence measurements dges off the farther into the red one excites, so the overall
background for two-photon measurements can be reduced over that of one-photon. The
current difficulty with two-photon Techniques. lies in finding fluorophores with suffi;:ienf

absorption and photostability properties.



Once single molecule far field detection became routine, photophysical issues such
as dark states and quantum jumps [1}, spectral fluctuations [3], and rotational jumps [37] of
surface-immobilized molecules were pursued. Once researchers began fo obtain a better
understanding of the photophysics involved in single molecule fluorescence measurements,
they began to turn their attention towards applying these ultrasensitive methods to
problems in biology and chemistry. An important example of this is the application of single-
pair fluorescence resonance energy transfer (spFRET) to biological systems. spFRET was
first demonstrated by Ha, et al, on double stranded DNA under non-physiological conditions
[25]. The details of sf:FRET and its application o a DNA hairpin system will be discussed in
Chapter 6. The application of single molecule detection and spectroscopy to the study of
biological systems is currently one of the hottest areas of research in biophysics. Work by
the groups of Yanagida and Kingsifa on motor proteins and Lu, Xie, and Yeung on enzymatic
catalysis [38,39] are leading the way in this rapidly e#panding field. It has taken not evena
decade for the first single molecule experiments to blossom into an entire fast-moving field'

of research.

Fluorescence: A Description

A Jablonksi diagram for the al‘/qsorp'rion and emission processes of a typical
fluorescent molecule a>r'e éhown in Figurel 1. At room temperature, since the differencein
energy between vibrational levels is on the order of 150meV, there is not enough energy to
populate a significant number of the excited vibrational states of the singlet S, electronic

fevel. Upon absorption of a photon, an electron is typically promoted to one of the higher



vibrational levels of the first excited electronic state S;. Absorption is a ver'y fast process,
occurring on a femtosecond time scale. From one of the higher S, vibrational states, a
fluorophore in condensed phase rapidly undergoes internal conversion to the lowest
vibrational S; state, and this typically occurs on a picosecond time scale. The lifetime of
the excited state varies from fluomphdre to fluorophore and is very sensitive to the local
environment, with most fluorophores having a lifetime around 10 nanoseconds in standard
solvents. From the lowest vibrational level of S;, the fluorophore has several possible
relaxation pathways, and fluorescence occurs when a photon is emitted as the molecule
relaxes from the S; to the Sy level. The molecule can relax to any of the Sy vfbmﬂonal
levels, and internal conversion rapidly converts the moiecule to the lowest S vibrational
state. The second relaxation pathway is by nonradiative decay from S; to So. This can
occur via sevéml mechanisms, including collisional quenching and fluorescence resonance
energy transfer (FRET). The molecule can also uvn.dergo intersystem crossing from the S; to
the first excited triplet state, Ty, but since this is a spin-forbidden transition, the rate is
slow for most fluorescent molecules (100-1000 times slower than the S; to Sy transition
rate). Once in the triplet state, the molecule may find its way to the singlet ground state
by either nonmdiaﬁvg processes or by emitting a phosphorescence photon. Because this
final relaxation is also d spin-forbidden transition, fhel lifetimes of triplet states can be
quifé long, lasting from microseconds to seconds. Factors from the environment can affect
the triplet state lifetime as we will see in Ch. 4.

Since absorption occurs from the lowest Sy vibrational level and emission occurs
from the lowest S; vibrational level, the absorption spectrum of a fluorescent molecule

reflects the S; vibrational {evels while emission reflects the So vibrational levels. Usually
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Figure O: Jablonski diagram for a typical fluorescent molecule.

these two spectra are mirror images of each other, and this behavior is expressed in the
Franck-Condon principle, which says that all electronic transitions are vertical. The
emission spectrum of A fluorescent molecule is independent of the excitation wavelength,
since any excitation higher than the lowest vibrational level of So rapidly decays via internal
conversion to the lowest Sq Iével (Kashd's rule). A Stoke's shift is observed between the
excitation wavelength and the emission wavelength, because excitation into the S levels is
rapidly followed by energy loss due to internal conversion in condensed phases. In addition,
the fluorescence relaxation is usually to one of the higher vibrational le\)els of So. Since
the wavelength separation of the emission from the excitation allows the efficient filtering
of excitation light from the 'fluor'escence. measurement, this Stoke's sHif’r makes

background-free single molecule fluorescence detection possible.



The absorption and emission spectra of a fluorescent molecule are not fixed: they
can be greatly affected by the local environment of the fluorescent molecule, and this
sensitivity has been utilized for many years to study the immediate environments of
fluorophores, most notably using the amino acid tryptophan. The spontaneous diffusion of
single molecule spectra have been studied by several groups (Moerner, Orrit, Wild, Basche,
Xie, Ha). This type of diffusion can occur either on slow (~ tens of seconds) fimescalc§ [3]
or quite rapidly ( < Ims) [25]; The changes in spectrum are related to the local environment

and suddeﬁ chemical changes of the fluorophores (Figure 2). Fluctuations in absorption ﬁan
lead to fluctuations in overall emission intensity, since diffusion of the absorption peak away
from the excitation line used will result in a lower ﬂuorescénce output.

In some cases the change of spectrum is due to a simple chemical reaction such as a
protonation or deprotonation event. This will be seen in the discussion of the fluofesaanf
molecule seminapthorhodafluor (SNARF) in Ch 5. For molecules such as green fluorescent
protein (GFP) it is believed 'rthT an internal protonation event can lead not only to a change
in spectrum but to a complete cessation of emission, known as a dark state [40]. When this
occurs on the appropriate observation time scale, a "blinking" behavior is observed in which
the molecule goes repeatedly f-r'om a fiuoréscen‘r to a non-fluorescent state. For GFP, this
reaction is understood, but for many other fluorophores that show similar dark states and
blinking behaviors, the cause remains a mystery.

Anofher notable feature of fluorescent molecules is their propensity to undergo an
irreversible photochemical reaction upon excitation.  This process is known as

photobleaching, and it often makes fluorescence experiments difficult. This difficulty

10
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Figure 2: Example of spectral jump.  Fluorescence emission from a SNARF molecule
immobilized on a surface. The long wavelength channel (>610nm) is shown in black while
emission from shorter wavelengths are shown in gray.
arises not just on the single molecule level but in any application involving fluorophores,
whether confocal microscopy secfioning ~of cells, FCS measurements, or FRET
measurements.  Radicals such as singlet 6xygen are believed to be behind the
pho‘rode.éfruc’rion phenomena, and researchers have gone‘v to great lengths to rid their
systems of such radicals. Our efforts on this front will be pfesenfed in Chapter 6.

Chapter 2 describes the details of the experimental apparatus used for the
measurements presented in this thesis. Chapter 3 contains descriptions of some of ﬂ;e
various sample preparation techniques used and a discussion of some of the important

aspects of immobilization strategies for single molecule experiments. The study of DNA

hairpin fluctuations is presented in Chapter 4. Chapter 5 deals with the model system ‘of

tl



the pH indicator SNARF, specifically, using SNARF to measure subpopulations and examine
local environments., The technique of fluorescence correlation spectroscopy (FCS) is
infroduced in defail in Chapter 6 and aspects of photobleaching and our work on oxygen

scavenging systems are presented.



Chapter 2

Description of Experimental Techniques

- Far field fluorescence defection'(Figure 1)

The primary component of the single molecule detection and spectroscopy
experimental apparatus is a Zeiss Axiovert 100 inverted optical microscope, used in the
epifluorescent geometry. The optical path has been modified to allow excitation from the
side of the microscope. Depending on fhé abéorpﬁon_specfrum of the fluorescent molecules
involyed, an air-cooled argon laser (488, 514nh), a helium-neon laser (632nm), or an argon-
pumped dyé laser (tunable from 570 to 640nm) is used for excitation. The optical path to
the microscope includes line filters to remove unwanted spontaneous emission from the
laser, an electro-optic modulator to control polariiafion or power, and wave plafes to
further correct the polarization properties of the excitation light. The laser lighfr is passed
‘through a single mode optical fiber prior to entering the microscope. The fiber serves as a
spatial filter, with the output end of the fiber acting as a point source and produces a clez;n
Gaussian excitation beam profile. In order to improve signal to noise, the excitation and

collection volumes are minimized by the use of a high numerical aperture objective lens
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Figure 1: Schematic of the experimental apparatus.

(typically 100X, 1.4 NA Zeiss Infinity-Corrected) which forms a diffraction-limited focal
region. The 'sarﬁe objective lens is used for excitation and collection. A confocal geometry
is also employed, in which a pinhole is placed after the objective in the fluorescence
emission path to further constrain the effective sample volume by filtering out unwanted
background light from out-of focus regions. Pinhole selection is often crucial to an
experiment, since selection of too large a pinhole results in excess contribution to
background while too small a pinhole rejects too much of the desired signal. The emission
light is sent either to avalanche photodiode detectors (APDs) or to a Spex imaging
spectrometer. In the case of the APDs, one-to-one imaging of the confocal pinhole onto the

APD detection area (~150um diameter) is performed. The avalanche photodiode detectors

14



are AQ 141 photon counting modules from EG&G-Canada with high quantum efficiencies
(>50%) over the visible range and dark counts of less than 100. Since there -is a non-
negligible detector dead time, the detectors saturate at a level of approximately 2 MHz.
Photon counts received by the detectors are converted to TTL pulses that are amplified and
stretched before being sent to a National Instruments PC TIO-10 counting board. The
overall collection efficiency of the system is estimated to be 2 to 5%, depending on the
type of measurement being per'formed._ In the case where two detectors are used, the
emission is split by either a dichroic mirror (fdr spectral measurements) or a polarizing
beam splitter cube (for polarization anisotropy measurements). Notch filfefé and long pass

or band pass filters are employed to reduce cross talk and laser leakage into the detectors.

Sample Positioning

Coarse x-y-z posiﬁoniné of the sample is done via the micrfoscope stage
micrometers. For raster-scanning the scirﬁple in imaging applications and to collect time
traces on immobilized samples, a piezoelectric scanner is usedv. A photo of lfhe scanner is
shown in Figure 2. The scanner consists of three piezoelectric tubes sectioned into four
outer quadrants and wired such that when a motion in the x dirécfion is desired, the tubes
bend along two oppositely posiﬁoned quadmn‘rs. in either the plus or minus direction,
depending on the polarity of the applied voltage. Friction between the bottom of the
aluminum sample holder and the sapphire balls that top each of the piezo tubes moves the
sample with the tubes. The sam.e is frue for the y direction, and so by ramping the voltage
in the x direction, slvowly incrementing the y voltage, and simultaneously monitoring the

fluorescence signal, an image is formed of the sample's fluorescence. For obtaining time



traces, the voltage can again be modulated
to scan the sample and when a flu;arescen'r :
molecule is found the stage is frozen until
all data is collected from that molecule [41]

In this manner, data on hundreds of

molecules can be collected from a single

sample. The linear range of the piezos used

in our experiments was 10pm x 10um in the

Figure 2: Picture of piezo scanner. .

x-y plane. By changing the voltage befweeri
the insides and outsides of the three piezos
simultaneously, the sample can be moved in the z-direction. The range of z motion of our
piezos was limited to 15um. The sample cells used vary dépending on the type of
measurement being performed. With flow cells it is possible to exchange fluids using a

single sample, and heater units allow the measurement of changes due to temperature.

Polarization Modulation

For polar‘izaﬂon modulation measurements, the electro-optic modulator was used to
vary the direction of the linear polarization of the excitation, with the emitted
fluorescence being split onto the two detectors with a éolarizing beam splitter cube. By
analyzing the polarization sfafe of the emission comp&red to the excitation polarization
state, it is possible to extract information about the rotation freedom of the fluorophore
[37]. For example, if the absorption moment of the fluorophore is fixed (and hence the

emission dipole moment is also fixed) then there will be a modulation in the total intensity
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Figure 3: Polarization ;nodulation time traces. A fixed fluorophore is shown in (a)
and a freely rotating fluorophore is shown in (b).

of the fluorescence emission as the plane of the linear excitation polarization is rotated. If
the fluorescence emission is broken up into its s and p components, then information about
the orientation of the emission dipole may be obtained. For an emission dipole there will be

modulation in the s and p channels as the plane of the excitation polarization is rotated. If
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the emission dipole is fixed, the signals measured on the s and p channels will be correlated
with one another (Figure 3(a)). If, however, the emission dipole is rotating faster than the
experimental integration time but slower than the fluorescence lifeﬁﬁ'\e, the signals on the
s and p channels will be anticorrelated (Figdre 3(b)). If there is restriction in the
fluorophores freedom of rotation, the phase shiff between the signals will not be 180
degrees but will have a phase dependent on the amount of restriction and the speed of
rotation. If the fluorophore is rofd'ring faster than the fluorescence lifetime, the
polarizdfion of its emission will be randomized and there will be no correléfion between the
two polarization channels. The rotational freedom of the fluorophore covalently bound to a
biological macromolecule can give informa'rién on the motion of the macromolecule itself in

some instances, since a fixed fluorophore implies a likewise fixed macromolecule. A

rotationally free fluorophore does not, however, imply a free macromolecule.

Spectral Fluctuations

Spectral fluctuations can also be resolvgd by performing two channel
measurements with the emission split onto the two channels by a dichroic with a spectral
cutoff centered at Thg peak of the emission of the fluorescent molecule. .Flucfuations
around the spectral mean result in correlated intensity fluctuations on the two channels.
For fluctuations in the absorption properties of the dye, there is an overall increase or
decrease in the fluorescence intensity as the peak of absorption moves closer to or farther
away from the wavelength of the laser excitation. Fluctuations in the emission spectrum
result in anticorrelated emission oﬁ the longer and shorter wavelength channels with no
change in the overall emission intensity. Changes in the absorption and emission spectra of

18



the dyes are Typically-due to changes in the local environment (eg-the local hydration of the

dye changes) or changes in the dye structure (eg protonation and deprotonation events).

Methods of data collection

Data is collected in several different fashions. For fluorophores freely diffusing in
solution, eithér Fluorescence Correlation Spectroscopy (FCS) is performed or fluorescent
bursts are collected. For immobilized molecules, imaging can be done and if a single
molecule is isolated in the focal spot, traces of the fluorescence intensity versus time can
be recorded or a single molecule spectrum can be obtained for particularly long-lived
molecules. Each method of data collection used depends on the type of biophysical
measurement being performed, and the experimental parameters for. the different types
vary significantly. Individual exper‘imem‘s‘ uT‘ilizing these techniques are described in more

detail in the following chapters.
Fluorescence Correlation Spectroscopy (FCS)

Fluorescence correlation spectroscopy, or FCS, was introduced in 1972 by Magde,
Elson, and Webb [42]. FCS is not typically a single molecule technique but rather is applied
to .small ensembles of molecules. A small ensemble of molecules is created through the
combined use of low concenfrﬁﬁons of molecules, high numerical aperture objectives, and
confocal pinholes (Figure 4). The idea behind FCS is that any behaviors of fluorescent

molecules that produce fluctuations in the overall observed fluorescence show up in the
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Use of high numerical aperture
4——— objectives results ina tightly focused,
diffraction-limited excitation volume.

Use of a confocal pinhole
with high NA optics results in
a quasi-cylindrical sample volume.

Figure 4: Cartoon of FCS sample volume.

autocorrelation function of the intensity. With the appropriate model of the system under
observation, the timescales of the various behaviors can be extracted. Examples of
behaviors of fluorophores that can produce fluorescence fluctuations include diffusion into
and out of the sample volume, intersystem crossing to the triplet state, extended dark .
states, and protonation-deprotonation events. Cross-correlations between two distinct
spectral channels can also be performed, for example in the determination ;)f co-localization
properties of molecules and in Fluorescence Resonance Energy Transfer (FRET)
measurements. Autocorrelations can be performed on the fly by special hardware or i>y‘
séffwore affér data collection. The FCS measurements presented in this thesis all utilized

software correlations.
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‘molecules (typically 1 - 10nM), signal to.noise does not present a difficulty, and data -

(1)
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Figure 5: Simulated fluorescence intensity fluctuations and calculated autocorrelation.

FCS is beneficial in cases in whigh infbrma’ﬁon is desired on processes that occur on
a time scale faster than the typical diffusion time of a molécule fhrough the excifafion
volume. Due to shot noise contributions at Iow.signdl level, it is difficult to obtain an
adeqda’ré signal to noise ratio for single molecule fluorescence intensity measurements on
short timescales. Because most often FCS measﬁr'emenfs employ higher concentrations of
acquisition can be extended to reduce Thé noise in the autocorrelation function itself. T;\e.
difficulfy in FCS comes from the model used to fit the data. Off.en several models must be
applied before acceptable fits to the data are obtained, and in some cases the model is very

dependent on optical properties. Models for simple processes such as diffusion-through the
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Figure 6: FCS trace of freely diffusing Rhodamme 110 dye with fit using equation (1).
The lower trace shows the residual.

excitation beam and intersystem crossing were developed primarily by Rigler et al and are
robust and widely-used [40, 43, 44]. A typical fluorophore diffusing in a solvent will display
an autocorrelation trace similar to that shown in Figure 6 and can be fit with an expression

of the following form:

ey - EOIC 1)
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Here the effective sample volume with N molecules is assumed to be cylindrical with a
diffusion time across the volume of t4¢ and a fraction, Fiiger, of the molecules in the triplet
state with a lifetime of Tyiper. Any other timescales must be integrated into the basic

formula that includes the diffusion and triplet states.

Single Molecule Diffusion

In cases where equilibrium population distributions are desired, fluorescence bursts
of single molecules diffusing through the excitation beam can be collected. An example of
this is shown in Figure 7. These bursts can be analyzed for statistics such as duration and
burst height or for two channel measurements such as FRET or polarization anisotropy.
Thresholds are set on data from the channels in order to adequately remove erroneous
bursts from background but not cut out too much of the actual single molecule signal.
. Because of computer ovér‘head,l the time resolution for fluorescent burst collecfion'and/
time trace collection presented in this thesis was limited to 0.2ms, and data from
fluorescent bursts is analyzed per point, rather than per burst.

Diffusion measurements have the advantages that a large amount of statistics can
be gathered in a relatively short amount of time, populations are easily disTinguished, and
there are no perturbations from environmental factors such as proximity to surfaces. In
many cases, however, it is desimble to examine a single molecule for an ex'rendedv period of
time, for example in protein folding, catalysis, or motor protéin measurements. In ‘rhe;e
cases, some way of immobilizing the molecule of interest must be found. An ideal
immobilization strategy would not affect the primary functions of the molecule. Methods

for immobilization are varied, ranging from electrostatic trapping and covalent bonding to
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Figure 7: Example fluorescence bursts in time trace of freely diffusing single molecules.

physically trapping molecules in containers such as vesicles or the pores of gels. A large
~ part of this thesis work dwells on the issues of immobilization fechniques. The details of

surface immobilization strategies will be discussed more fully in Chapter 3.

Single Molecule Imaging and Time Traces

As was mentioned briefly before, images of single molecule samples are acquired by
raster-scanning the sample over the excitation beam focus. When a fluorescent molecule
passes through this focus, a burst of fluorescence emission is recorded by the APDs. The

intensity of emission as a function of sample location forms the image of the sample. A
fluorescent molecule is much smaller than the area of the laser focus, which is typically
diffraction-limited to 0.25-0.4um in diameter, depending on the wavelength and objective

used. When a fluorescent molecule is scanned across the excitation beam, the fluorophore

acts to map out the excitation area in the x-y plane, giving a spot in the image that is the -
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cross-section of the laser focus at the location of the molecule. And example of an image
formed in this fashion is shown in Figure 8. In cases where two detectors are used to
examine the fluorescence emission, the images formed by the two detectors are collected
simultaneously pixel by pixel.

Sometimes it is desirable to isolate a single molecule and watch its behavior over
time. In such cases the data collected using APDs takes the form of a fluorescence
intensity time trace. Such a time trace is shown in Figure 9. Depending on the time
resolution of the measurement, various aspects of a fluorophore's behavior can be
_examined, including passages to the non-emitting triplet state, dark states, and
photobleaching. For both imagéé and time traces, the clear resolution of such photophysical
behaviors is used as proof that there is a single molecule under observation.
Photodestruction can be clearly resolved in both the image shown in Figure 8 and the time
~trace shown in Figure 9. This type of abrupt end >'ro fluorescence is indicative of the
‘ photobleaching of a single molecule. When rﬁore than one mblecule vis present,
photobleaching typically produces decreasing steps in the meqsured fluorescence im‘ensify,
unless there are a large number of molecules under excitation, in which case the

~ fluorescence is seen to decay gradually until steps appear.

25



Image of Alexa 488 (dry)

Abrupt Long Noisy
Photo- Dark Triplet
Bleaching State States

" Figure 8: Image of individual Alexa 488 dye molecules.
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Figure 9: Example of fluorescence intensity versus time (time trace) taken on
a single Alexa 488 molecule.
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Chapter 3

Immobilization Strategies

Introduction

For single molecule measurements in which the time scales of the process under
investigation are sufficienﬂy long, it is often desirable to isolate one molecule and watch its
behavior over time. For this to be possible, the molecule must be trapped within the
excitation beam in some fashion. The simplest hgfhod of immobivlizaﬁon can be
accomplished by charge interactions that involve trapping the molecule on a glass surface
" that has been treated such that its charge is the complement of the molecule to be
trapped. This was the first type of surface immobilization technique applied in our
IaBovrafor‘y, used to trap dye—labeled DNA molecules on glass. While this is an effective and
often desirable way to imﬁmobiliz.e single molecules, nonspecific binding to surfaces can cause
problems in certain measurements, since interactions with the surface can change the
nature of a molecule's behavior. If the exact nature of attachment to a surface .is unknown,
interpretation of data can be difficult. To circumvent Thié problem, sfrafegies we;'e
developed to attach macromolecules to glass surfaces in a specific manner. These include
_chelated linkers, biotinylated BSA-streptavidin-biotin linkages, covalent binding of

streptavidin to surfaces followed by biotin-streptavidin binding, dextran immobilization, and
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chemoselective ligation. Each type of immobilization sﬂ‘ategy will be summarized below,
with detailed sample preparations listed in the Implementation section at the end of this
chapter. Since silanization is often the secondary step in these preparations, the

silanization process will also be described.

Silane chemistries: Figure 1

The use of silanes allows the functionalization of glass surfaces with an enormous
variety of chemical groups. The formula for an organosilane is R,SiX(ny with R being the
chemical group having the desired functionality (eg amine or carboxy! groups) and X being a
hydrolyzable group, typically methoxy or ethoxy, that is releasedvin the silanization process
in the form of an alcohol. The water for hydrolysis is found either in the environment (on
the substrate surface or in the atmosphere) or is present in solution for silanes dissolved in
water or buffer. It is also possible to use silanes in an emulsion, if the preparation is
shaken periodically. The silanization process consists of four steps: (1) hydrolysis of the X
groups, (2) condensation or cross-polymerization of the remaining functionalized SiOH
groups of the silane, (3) hydrogen bonding to the SiOH groups of the glass surface, and (4)
SiO bond formation be';ween the glass surface and the functionalized silicon. Further
details of this process can be found in [45]. The degree of coverage of functional groups
depends on several details including the solven‘; used if the product is not applied neat, the
concentration, and the time allowed before rinsing. Some silanes require oven curing to

complete the final bonding step, while some are sufficiently bonded after a short N; drying -
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Figure 1: Schematic of the silanization process.

step. Some are soluble in water or

buffer, while some are not.

. Sample preparation methods will

€

vary widely depending on the type
of silane used and the desired

coverage.

- Charge Immobilization:

Figure 2

For this immobilization, a simple
charge interaction between the
molecule under study and the
coverslip is utilized. To determine
if a glass treatment is required, it
is necessary to know the pI of the
molecule to be studied at the pH
used in the experiment. An HF-
cleaned  glass

coverslip is

negatively charged at neutral ;SH

due to the presence of the silanols on the surface, so if it is desired that a negatively-

charged molecule be immobilized on this surface, an intervening layer of positive charge

must be supplied. An example of this is the immobilization of DNA on glass via a layer of 3-
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aminopropyltriethoxysilane

 (APS). The silanization

process with APS results in

a glass surface

functionalized with amino  Figure 2: Cartoon of immobilization via charge interaction.
groups that are positively

charged at neutral pH. Since the DNA backbone is negatively charged, the DNA sticks to
the surface of the amine-coated coverslip via a nonspecific charge interaction. This charge
interaction holds in solution as long as the pH does not go above ‘rhé pKa of the amino groups

or large amounts of salt are used.

Chelation: Figure 3

Proteins can be altered to incorporate a sequence of six histidines at the N- or C-
terminals. These six histidines form what is known as a 6-His tag, which has a high affinity
for nickel when the nickel | is bound in a chelating complex with N-(5-amino-1-
carboxypentyl)iminodiacetic acid (Ni-NTA). Ni-NTA can be purchased 'conjuga‘red to
élkaline phosphatase or h;r-seradish péroxidose proteins (Qiagen) for non-specific binding to
glass surfaces. A silane functionalized with the NTA group can also be purchased (UCT) and

then charged with nickel in an additional step. We found that using the Ni-NTA-HRP
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Figure 3: (a) Ni-NTA and (b) Ni-NTA-His tag immobilization scheme.

preparation was unreliable and switched to the silane pr'epamﬁdn.
Biospecific linkages (non-specific to glass): Figure 4

Even if there is a éharge interaction expected between a macromolecule and the
negatively charged silanol groups on the surface of HF-cleaned glass, a washing step will
remove the molecules from the HF-cleaned surface unless there is further chemical
treatment. Another type of coverslip cleaning method utilizes potassium hyd.r'oxiclle. Sorr_\e

molecules, such as biotinylated-bovine serum albumin (BSA) and streptavidin stick non-

specifically to KOH-cleaned coverslips, and the coverage remains in water. The molecules



Biotinylated DNA Hairpin

Streptavidin|

Biotinylated BSA —»

Figure 4: Biotinylated DNA - streptavidin - biotinylated BSA immobilization (non-specific
to glass). :

can be removed, however, in high fluid flow, a property that produces difficulties with
. buffer-switching measurements.

Other methods of coverslip cleaning include sonicating coverslips in Helmanex, a
spectroscopic-grade detergent, for 20 minutes, folléwed by a DI wafe:; rinse and N, drying
step. Streptavidin sticks non-specifically to this surface, even under buffér‘ conditions.
Biotin sticks on a dry Helmanex-cleaned surface but is removed in aqueous conditions.
'Flame cleaning can also be done by pdssing a coverslip quickly back and forth through an
open flame, followed by'leeaning with alcohol and DI water. Chromic acid cleaning is often
used for glassware cleaning and is an alterndﬂve to HF.

The fact that proteins sﬁch as BSA will s‘rick nonspecifically to KOH-cleaned glass
can be usgful in immobilization s'rra‘reg.ie,s, since the protein can serve both as a samplev

anchor to the surface and a blocking agent to minimize surface-sample inferactions. If the
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Figure 5: Biotinylated DNA - streptavidin - epoxysilane immobilization (specific to glass).

BSA is functionalized, this functionality can be used to bind other molecules to it in a

specific manner.

Biospecific linkages (specific to glass): Figure 5

As was mentioned previously, the biotinylated BSA is not covalently bound to the

glass, and it has a tendency to be washed from the surface, taking the sample with it. To

prevent this, we developed chemistries to covalently bind the streptavidin to the glass

surface, substituting a silanization step for the biotinylated-BSA. This silanization step

involves coating the glass surface with an epoxysilane, which can then be used to covalently
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Figure 6: Thiol-terminated-DNA-mercaptosilane immobilization (specific to glass).

bind streptavidin directly to the glass via the amine groups of the protein. This fypé of
covalent binding can of course be applied fo any protein with an intact N-terminus or any

molecule (such as functionalized fluorophores) with an available amine group.

Chemoselective Ligation: Figure 6

Disulfide Bond Immobilization of DNA Hairpins to Glass Coverslips.
Rather than rely on the binding of proteins to immobilize the sample, it is possible to

directly bind the molecule of interest to the glass through covalent bonding. An example of
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this is a DNA strand that is manufactured to have a spe,c/ific chemical group on one end, in
our case a sulfhydryl group at the end of a long tetra-ethylene glycol linker. By
funtionalizing the glass surface with a silane that contains sulfydryl groups as.well, the end
of the DNA linker can be bonded to the surface by a disulfide bond unde‘r the appropriate
conditions. -

In all imhobilizaﬁon schemes, it is important to check that there are no problems
with contamination in Ithe form of ﬂuor;escence from molecules other than the sample. To
prevent contamination problems, the highest purity silanes (99.9%) and proteins should be

used. Proteins and chemicals should be replaced periodically, especially the silanes, which
fénd to polymerize over time. To prevent water contamination and | subsequem“
polymerization of the silanes, <‘1liquo‘rs cén be distributed from the primary source under
nitrogen, with these aliquots being used for daily sample preparations. Coverslips more than

a day old should be discarded, and blank coverslips should be examined in all cases to insure

that there are no false fluorescent signals from surface contaminants.

Gels: Figure 7

Another immobilhi~za1'ion strategy is to dissolve the molecule of interest at single
molecule concentration in a gel of either polyacrylamide or agarose, depending on the size of
the molecule to be monitored. Polya;rylamide gels are formed by the polymerization of
a’cr’ylamide. in the presence of bisacrylamide,.a cr‘osslinki_ng agent. The polymerization
produces a 3D network of pores that can trap moleculés, depending on the relative size of

the molecule and the pore. A 7.5% pdlyacr'ylamide gel will-produce pores ~ 504 in diameter,
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Figure 7: Gel immobilization scheme.

while a 30% gel will reduce the pore size to ~ 204 [46]. Conventionally a 19:1 ratio of
acrylamide to bis-acrylamide is used for DNA gels and a 29:1 ratio for proteins.
Agarose is ‘a polysaccharide that forms long chains of 1,3-linked B-D-.

galactopyranose and 1,4-linked 3 ,6-anhydro-a-L-galactopyranose. These chains can network

via bundles of double-helices into a 3-D structure, forming pores with average sizes from
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Figure 8: SNARF-labeled streptavidin in 1% agarose gel.

100 to 300nm in diameter [47]. A typical protein such as albumin has a molecular weight of
69kD, a length of 1504, and a diameter of 384, and it can be trapped in either agarose or »
polyacrylamide gels.
| Agarose is much simpler and safer-to work with than polyacrylamide, but the large
pore sizes produced with agarose preclude its use with smaller molecules. Polyacrylamide is
known to act as a quencher for many fluorophores. Gel immobilization was tried in our group
without success for single SNARF molecules in polyacrylamide (the SNARF was quenched)
and for DNA hairpins in agarose (the pore sizes were too large even at very high agarose
concenfmfions)‘. It was possible to immobilize SNARF-Iaﬁeled streptavidin in agérose gel,
however, and an example of an image faken wi'rﬁin the gel is shown in Figure 8. Streptavidin
is a 60kD protein that is large enough to be trapped wiThgn the agarose pores. It was found
that for pH's lower than the pI of the protein, the streptavidin stuck to the surface of the

glass coverslip rather than remaining within the gel. This non-specific trapping of the
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protein on the surface was believed to be due to a charge interaction and could not be

negated even with surface coatings of silanes of various functionalities.
Dextran Immobilization:

Dextran is a polysaccharide that can also be functionalized or labeled with
fluorescent dye. Forllocal environment measurements, SNARF-labeled dextran with amines
was purchaséd from Molecular probes and bound directly to the surface via the same
chemistry used to bind sfreptévidin to the epoxysilane-treated glass. This immobilization |
worked well, however, the presence of the charge-double layer at the glass surface altered
the spectrum of the SNARF to such an extent that this meTHod was eventually abandoned.
Immobilization of 10,000 MW SNARF-labeled dextrans was qﬁen:\pfed in agarose gels up to
10% but diffusion still dominated the images acquirgd. Polyacrylamide gels were also tried,
with percentages varying from 4 to 30;/0. The fluorescence was quenched within the
polyacrylamide, so no sample was observed. )

Since TMR-labeled streptavidin purchased from Molecular Probes was easily
immobilized in 1% agarose gel, we labeled streptavidin Wifh SNARF in order to reproduce
this. The protein lab;Iing and pﬁrificaﬁon is very simple. Carboxylated SNARF was
purchased from Molecular Probes and was covalently attached to the amino groups present
on the sfr‘ép'ravidin. There are three lysines and the N-terminus on streptavidin, and the
labeling reaction yiglds and average of 3.3 dye molecules per pr‘o‘reiﬁ molecule if the dye is

used in saturating concentration.
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The surface immobilization chemistries presented in this chapter are recipes that
have been proven to work, however, they are by no means the only immobilization methods,
nor is it neceésary to follow these recipes in a strict manner. Variations in sample
concentration, silane aging, buffer conditions, etc, will require the adjustment of the
recipes to meet the needs of a particular experiment. The applications of these
immobilization chemistries in variods single molecule measurements will be described in the

following chapters.

Implementation of 'Immobilizaﬁon Chemisfrigs (Recipes)

Charge Immobilization:

A coverslip is first cleaned for 2 minutes in a 5% solution of hydrofluoric acid, then
rinsed with DI water. Typically free fluorophores, DNA, and pro‘reins do not stick to HF-
cleaned coverslips. The HFd coverslipé are dr;ied with N, rl.md then immer;Sed in a 1% solution
- of 3—aminopropyl'.rrime‘rhoxysilane for 2 minutes. Affer' this, the coverslips are rinsed with
DI water and dried with N,. The surface at this point should be very hydropHobic if the
silanization is successful. To prepare single molecule DNA samples, single molecule
concentrations of the lq_beled DNA are incubated in a drop on the glass surface for the
appropriate amounf of time (this depends on the exact concentration of sample used). The

sample is then rinsed with DI water and dried with N,.

il

Characterization: Washing samples thoroughly with a high salt solution (1M NaCl) will

remove molecules attached to the surface via charge interactions.

Chelation:
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The samplé preparation for a 6-His tagged protein is as follows:

1) Clean glass coverslip in 5% HF acid for 2-5 minutes and follow with a thorough DI water
rinse

2) Soak coverslip 10 minutes in a 2% solution of N-{(3-trimethoxysilyl)propylJethylene-
diamine triacetic acid in wafe.f, followed by a DI water rinse.

3) Soak coverslip for 10 minutes in a 50mM solution of NiSO, in water followed by a DI
~wm‘er' rinse and N dry.

4) Incubate the appropriate concentration of 6-His protein on the coverslip, with incubation
time varied depending on concentration used and coverage desired.

5) Buffer rinse. The protein should not be alIowéd to dry out and denature.

Characterization: To determine specificity, an agent that ﬁompe’re.s with the histidines for

nickel can be applied to remove the bound proteins from the sur'fac;e. For example, the

histidine tag may be removed from the nickel complex with a high concentration of

imidizole. Alternatively the protein can be removed by protonating the hisfidines at a pH

below 6. The 6-His-tagged protein should also be applied to a surface that lacks ‘rhe'Ni- :

charging step to determine the degree of non-specific binding to the glass surface.
Biospecific linkages (non-specific to glass):

The following is a recipe used for immobilizing biotinylated DNA samples using the
nonspecific binding of biotinylated BSA to glass and streptavidin as the intermediate
between the BSA and DNA:

1) Clean coverslips By a 20 minute sonication followed by soaking in 1M KOH ina
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staining di#h for a minimum of three hours to overnight. Rinse coverslips in DI water and
dry with Na.
2) Place 50ulL of a 29uM solution of biotinylated BSA (Pierce) was on thé coverslip and
incubate for ten minutes. Wash the coverslip with DI wafef and dry with N,
3) In;ubafe 10pL of a 0.1mg/ml solution of streptavidin (Pierce) on fhg surface for
ten minutes. After incubation, wash and dry the coverslip. |
4) A sample of 50nM biotinylated DNA should be incubated in a 10uL drop on the surface |
for 30 minutes. Wash the sample wiﬂ; DI water and dry with Na.
Characterization: DNA samples lacking the biotin group should not stick to this surface.
Additionally, if a sufficiénﬂy soluble form of biotin is available, a blocking step with a high
concentration of biotin (no DNA) can be applied affer the sfflépfavidin step. Subsequent
application of biotinylated DNA should show negligible binding of The_DNA due to the lack

of available binding sites.

Biospecific linkages (specific to glass): B -

1) Soak coverslips; in 5% HF acid for 2-5 min. The coverslvips should then be washed with DI
water and dried with N,.

2) To the center of eacl-\"coverslip add 10pL of distilled 3-
glycidoxypropyltrimethoxysilane (Aldrich), and incubate for 5 min. The coverslip
is then washed with DI water and dried \_&i'fh N.

3) To the silanized coverslip add 10uL of a 0.1mg/mL solution of streptavidin in 10mM
Na,CO3 buffer, pH 9, and incubate for 5 min. The cover slip is fHen washed with DI

water and dried with N,.
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4) The remaining epoxides can be quenched with 10puL of 2mM asparﬁc acidina05 M
carbonate buffer, pH 9. Wash the coverslip with DI water and dry with N..
5) Add to the coverslip 10uL of a 200nM biotinylated-DNA hairpin ina 50mM PBS buffer.,
pH 7.0. The coverslip should be incubated for 5 min to 15 min, washed with DI water,
and dried with N
Characterization: DNA hairpins that did not have biotin groups do not stick to this surface.
Additionally, if a sufficiently soluble form of biotin is available, a blocking step with a high
concentration of biotin (no DNA) can be applied after the streptavidin step. Subsequent
application of biotinylated DNA should show negligible binding of the DNA due to the 'Iack

of available binding sites.

Chemoselective Ligation:

1) Clean glass coverslips by soaking them in a 1M KOH solution in a staining dish for a
minimum of 3 hours to overnight.

2) Rinse coverslips in bulk three times with a staining dish volume-full of DI wafer.

3) Incubate the slips ina 1% 3-mercaptopropyltri-ethoxysilane (MPTS) (Fluka) solution ina
0.1 NaHPO4 soluﬁén at pH6 for 45 min to 1 h. Shake the MPTS solution periodically
to disperse the silane,- which forms an emulsion in the phosphate buffer.

4) Rinse the coverslips in bulk once with 0.14 NaHPO,, pH 6, followed by a single bulk rinse

with DI water.

5) Rinse the coverslips individually with DI water and dry with a stream of N,.

6) Place slips in a covered staining dish and cure for 30 min in a glassware oven at 175°C.

7) Store the slips in a N, glove box until used.
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Characterization: DNA hairpins without sulfhydryl groups do not bind to this surface. In
addition, hairpins bound to the surface via the disulfide bond can be competed off the

surface by sulfur-containing compounds such as mercaptoethanol.

Agarose Gel Preparation:

1) Dissolve desired concentration of agarose powder in buffer (use low melting point agarose
for concentrations higher than 5%).

2) Heat agarose eifher using a hot water baThv or in a microwave o;/en until the agarose
solution forms a liquid gel. |

3) Allow gel to cool but not solidify. When gel is cool enough not to denature the sample,
add moleéules to be immobilwized in the appropriate sing|emmolecule concentration.

4) The gel can be pipetted onto a clean coverslip or on a coverslip previously spin-coated
with gel. Since HF-cleaned coverslips tend to be slide around on the gel, spin-coating is

preferable.

Polyaci'ylamide Gel Preparation:

For a ~ ImL final volume_ of a 20% gel:
1) For a protein gel, pre-mix a 29:1 ratio of acrylamide to bis—acrylahide
2) Mix 0.5mL of the polyacrylamide with 0.5mL of the desired buffer
3) Add 10ul of ammonium persulfate -
/ 4) Add 1pL of TEMED. TEMED will start the gelling process, so add it only when ready for™

the final gel to form. Any sample should be added before or immediately after this step.
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Protein labeling reaction and purification:

1) In a tube, mix 25uM sfrepfav{din (Pierce), 220uM carboxy-SNARF, 5.22mM EDAC,
4.6mM NHSS, and sodium phosphate buffer (pH 7). In our labeling the final volume used
was 100pL.

2) Reqc‘r at room temperature for two hours.

3) To purify, a 5000MW desah‘ihg column (Pierce) was used. The labeled protein typically
came out in the second fraction. |

4) Absorption spectra were taken on each fraction to determine the quantities of protein
c.md dye present (streptavidin absorbs at 280nm with an extinction coefficient of

32,000).
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Chapter 4

Monitoring the Conformational Fluctuations of DNA Hairpins
Using Single-Pair Fluorescence Resonance Energy Transfer

Introduction

The ‘rechnique-of single péir Fluorescence Resonance Energy Transfer (spFRET) was
introduced to the single molecule community by Ha et al, in 1996, .where it was applied to
double stranded DNA under non-physiological conditions [25]. Fluorescence resbnance
energy transfer is a powerful spectroscopic technique that allows biologically relevant
distances between 20 & and 80 & to be quantified with near-angstrom resolution due to the
strong distance dependence of the transfer process. FRET is the non-radiative fmnsfel; of
energy from a donor molecule to an acceptor molecule that occurs through a dipole-dipole
interaction [48]. Wher; Twé fluorescent molecules are used, FRET results in a decrease in
donor fluorophore emission intensity with a simultaneous increase in acceptor flt;or'ophore
| emission intensity. FRET ciepends on the inverse sixth power of the distance between the
two fluorophores (R*®) which allows spFRET to act as a sensitive molecular ruler in biological

systems [49 50]. Distance and orientation information of biomolecules are obtained when

changes in energy transfer and fluorescence anisotropy of the dyes are quantified.
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There are several expressions for the efficiency, E, of energy transfer [51,52].
Because our experiments involve the measurements of the intensities of the donor and

acceptor fluorescence, we employ an expression of the form

R: - I A

E = =
RE+R® I, +yI,

in which I, and I are the measured intensities of the acceptor and donor fluorophores
respectively, R is the distance between the two fluorophores, R, is the Férster radius, or
distance of 50% energy transfer (see Appendix), and y is an experimental factor that »
includes the ratios of the donor and acceptor fluorophore quantum efficiencies as well as
the efficiencies of detection for the two fluordphor-es. y is estimated to be 0.8 for our
measurements [53]. )

In order to demonstrate the measurement of spFRET on a biologically relevant
system under physiological conditions, u)e chose to study the test system of a DNA hairpin
and applied the spFRET technique to this system. DNA hairpins are inverse repeats. of
single-stranded DNA connected by a non-complimentary loop sedugnce, and they are oné of -
the simplest structures that a nucleic acid polymer can form. Haihpins are often found at
replication origins, promoters, operator sequences, and other sifés of regulation in genomic
DNA and are thus thought to play a critical role in the regulation of gene ftranscription,
DNA rec;:mbimfion, and DNA replication [54-57]. For example, multiple alternative forms
of hairpin ‘sfruc’rur'e's can result in a variety of genetic disorders [58,59)], and hdirp_in
structures mediate the in‘rerdcfing hairpin‘ loops, or “kissing complexes,” of HIV

dimerization [60,61]. DNA hairpins are proposed anti-sense drdgs due to their high

resistance to nuclease degradation, and DNA hairpin molecular beacons, in conjunction with
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gene chip technology, are useful tools in disease diagnostics and drug development [62-67].
Because bNA hairpins are k;uown to show two-state folding kinetics, they can serve as a
model system for the study of single molecule kinetics on surfaces.
DNA hairpins fluctuate in solution between a folded (closed) state and a denatured
(open) state. This two state transition is an equilibrium process that can be described as
the ratio of (Kewsed * [open hairpin]) / (Kopen * [closed hairpin]) (Figure 1). The closed state is
characterized by lower enthalpy than the open state due to base pairing and stacking. The
open state is characterized by high entropy as a large number of configurations are possible
from a single-strand of DNA. Many thermodynamic and structural studies have been
performed on DNA hairpins to understand the energetics of nucleic acid folding and to
derive accurate parameters for predicting the stability of various sgquénces involved in
forming DNA secondary structure [68,69]. h
| There are very few studies on the kinetics of hairpin folding [70,71]. The opening
rate depends on the unzipping energy of the hairpin, while 'rhé closing rate relies onA the
collision of the two stalks of the stem, followed by nucléa‘rion and the propagation of bése—
pairing. Recent wori( used fluorescence correlation spectroscopy (FCS) and fluorescénce
quenching, with an average of five hairpins in the excitation beam, to show that the rate of

opening of the hairpin™ stem was essentially independent of the loop characteristics

regardless of loop size, sequence, and NaCl concentration [72]. The rate of hairpin closing

scaled with the loop length and rigidity; an-adenosine loop led to smaller.closing rates and

highef activation energies than a thymidine loop.
For single molecule experiments, we designed hairpins to open and close on a time

scale of 0.2 ms or greater. For the purpose of immobilizing the hairpins fo directly measure
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Figure 1. Schematic of the closed-to-open transition of a DNA hairpin with the
approximate position of the donor and acceptor flourophores indicated. The expected
energy transfer efficiency for the folded state is indicated by the simulated spectrum
below the native hairpin. A denatured hairpin is a single-strand of DNA that acts as a
random coil. Very little energy transfer will occur as shown by the increase in the peak
af zero. '

fluctuation events, we employed three different surface immobilization strategies. In the
first two immobilization techniques, streptavidin was either reacted with an epoxide-

derivatized glass surface or immobilized through a non-specifically adsorbed biotinylated-
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BSA coated glass surface in order to exploit streptavidin's strong interaction with biotin.
For the third technique, a method for single molecule studies that cross-links hairpins to
glass through a disulfide-bond was developed. The diffﬂsiﬁg hairpin foiding as a function of
temperature was measured, and vexponenﬁal kinetics for the opening and closing of hairpins

immobilized on a surface was observed.

Materials and Methods

All DNA synthesis reagents including amino modifier €6 dT (dTCNH,), 5'-
thiol-modifier €6, and 1uM biotin friefhyleneglycol cor&rol pore glass resin (Btn TEG CPG)
phosphomﬁxidite.s were purchased from Glen Research. The maleimide der;ivc.(five of
tetramethylrhodamine (TMR-maleimide) was purchased from Molecular Probes and the N-
hydroxy succinimidyl ester of Cyanine 5 (Cy5-NHS) was purchased from Amersham.

Enzymes were purchased from New England Biolabs.
Sequences of the Hairpins Studied

dA40s7 HP Btn: 5' - TMR-SC; ~ CTCTTCA - (AAA)3A ~dTCNH-(Cy5)-GAAGAG - TEGBIn -
3 ,

 dA40s9 HP Btn: 5' ~ TMR-SC, -~ CTCTTCAGT - (AAA)A -ACATCNH-(Cy5)-GAAGAG -
TEGBtn - 3’

dA40s9 HP Thiol: 5’ - Cy5' ~ CTCTTCAGT - (AAA)3A - ACATC,NH-(TMR)-GAAGAG -~ TEGs
CsS-SdT- 3

dA30s14 HP Thiol: 5' - Cy5 - CTCTTCAGTTCACA - (AAA), ~TETGAACATCNH-(TMR)-
GAAGAG - TEGyg C¢S-5dT- 3'

50



Sample Preparation

DNA Synthesis. dA40S7 HP Btn and dA4059 HP Btn: Synthesis of these hairpins
was accomplished using standard B-cyanoethyl phosphoramidite chemistry on a DNA
synthesizer (Applied Biosystems). The hairpin was deprotected with ImL of concénfmfed
NH4OH for 12 h at 55 °C and concentrated by centrifugation under vacuum. The
oligonucleotide was purified on a C;g reversed-phase semi-preparative protein-peptide
_column using a gradient of 5% to 45% CHiCN in 0.05 M tetraethyl ammonium acetate
(TEAA), pH 7, over a 30 min period. All hairéin species were analyzed by electrophoresis on
a 15% denaturing polyacrylamide gel and imagcﬁ visually if dye labeled and by standard
ethidium bromide staining. |

TMR-maleimide labeling and Cy5-NHS ester labeling. The olligonucleotidés were
labeled according to the procedures described in [50].

dA4059-3'biotin modified hairpi. It was difficult to obtain significant quanﬁﬁes
o‘f full length hairpin b\) total synthesis due fo the size of the Mirpin and the ﬁ\any
adenosine-adenosine couplings in the synthesis. We overcame this problem by ligating
‘together two dye-labeled oligonucleotide fragments of the hairpins together with a
complementary oligonucleotide splint and T4 DNA ligase. The oligonucleotide fragments
were synthesized and ';_auriﬁed as described above. The 5 fragment of the hairpin
incorporated a trityl protected 5-thiol modifier C6 while the 3' fragment incorporated an
amino modifier C6 dT and either a 1uM biotin TEG CPG phosphoramidite or a 3’ thiol
modified CPG phosphoramidite. The 5' end of the biofiﬁylafed fragment was phosphorylated

using T4 polynucleotide kinase (PNK).
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Phosphorylation of 5' end of biotinylated DNA hairpin fragment. To 215 nM of
biotinylated DNA in 480 pL of sterile ddH,O was added 60 pl of 10x T4DNA Ligase Buffer,
50 L of ddH,0, and 100 units of T4 PNK. The reaction tube was brieﬂy centrifuged and
incubated at 37 °C for 3 h. The kinase reaction was purified by phenol:chloroform
extraction and the DNA was ethanol preci;;itafed. The thiol-containing oligonucleotide was
labeled with TMR-maIeimide while the pho'sphoryla‘red, biotinylated, and amine containing
oligonucleotide was labeled with Cy5-NHS ester. Free dye was removed by running a NAP 5
size-exclusion column followed by size-exclusion FPLC on a Superdex 75 column (Pharmacia).
The labeled hairpin fmgﬁ\ents were then HPLC purified as described above to separate
unlabeled DNA from labeled DNA. |

Ligation of the dye-labeled DNA hairpin fragments. 35 nM of the TMR labeled
.oliQonucleoTide, 43 nM of the Cy5 labeled oligonucelotide, and 4.5nM of the 'splin’r
oligonucleotide were mixed ina centm;fugg-Tube. The mixture was concentrated to dryness
by vacuum centrifugation, followed by resuspension in 16 L d&HZO. To the r'esuspe;nded
mixture were édd'e_d 2 pyl 10x T4 DNA Ligase buffer and 10 units of T4 DNA Ligase. 'f'he
ligation reaction was run at 16 °C overnight. The ligated hairpin was purified by size
exclusion FPLC on a Superdex 75 column to separate the hairbin from the individual dye
labeled oligonucleotides @nd the splint oligonucleotide. The ligated product was analyzed by
using a 15% denaturing polyacrylamide gel.

dA4059 HP Thiol and dA30S14 HP Thiol These hairpins were purchased from
Synthegen. Cy5 was incorporated into the DNA as the final phosphoramidite in the
synthesis. Large control-pore glass resin was used to accommodate the length and mul‘r%plg

adenosine fo adenosine couplings. The 3' thiol was protected by a disulfide bond to a thiol
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modified thymidine. An 18-TEG phosphoramidite was used as a spacer between the DNA

hairpin and the 3' thiol surface attachment.
Surface Preparations

The surface preparation methods ak similar to those described previously in
Chapfgr 3.

Biotin-Streptavidin Immobilization of DNA Hairpins to Glass Cover Slips. Gold Seal
Clay Adams cover slips (No. 1, VWR Scientific) were cut in half and soaked in 5% HF acidﬁ'
for 2 min. The cover slips were washea twice with DI H;O and were again soaked in 5% HF
for 2 min. The cover slips were washed twice with DI H,0, dried with N,, and silanized by
adding 10 L of distilled 3-glycidoxypropyltrimethoxysilane (Aldrich) to the center of the
cover slip and incubating in a HF-cleaned glass petri dish for 5 min. The silanized cover slip
was washed with DI H,0, dried with N, and reacted with 10 ul of a 0.1 mg/mL solution of
streptavidin in 10 mM NaCO3 buffer, pH 9 for 5 min. The cover slip was washed with DI
H,0, dried with N,. The remaining epoxides were quenched with 10 pL of 2mM aspartic acid
in a 0.5 M carbonate buffer, pH 9, followed by a DI H,O washing/ N, drying step.
Attachment of the hair;;{n to the coverslip was accomplished by reacting 10 pl of a 200nM
biotinylated-DNA hairpin in a 50 mM PBS buffer, pH 7.0, with the coverslip for 5 to 15 min,
followed by a final DI H,O washing/ N, drying step. The slips were then stored in aN; glove
box until used. Cover slips more than 10 hours old were discarﬁed, and blank cover slips
were examined to insure that there were no false fluorescent signals from surface

contaminants.
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Biotinylated-BSA and Streptavidin Surfaces. VWRBrand No. 1 glass cover slips
were cleaned by a 20 min sonication féllowed by soaking in IM KOH in a staining dish for a
minimum of 3 h. Cover slips were then rinsed in DI H;O and dried with N,. Following the
method of Gaub [73], 50 L of a 29uM solution of bioﬁriylafed BSA (Pierce) was placed on
the cover slip and incubated for 10 min. The cover slip was washed with DI H;0 and dried
wi.fh N, and then 10 pl of a 0.1 mg/mL solution of streptavidin (Pierce) was incubated on
the surface for 10 min. After incubation, the cover slip was once agafn washed and dried,
and a 10 pL drop of 50nM biotinylated DNA was incubated on the surface for 30 min,
followed by a final DI H,O washing/ N, drying step. The slip§ were then s’roned ina Nz glove
box until used. Cover slips more than 10 hours old were discarded, and blank cover slips
were examined to insure that there were no false fluorescent signals from“ surface
contaminants.

Disulfide Bond Immobilization of DNA Hairpins to Glass quer slips. The following
procedure was AdapTed froﬁ Rogers et a/ {74] . VWRBrand No 1 glass cover slips Qere
cleaned by first sonicating for 30 min and then soaking in a 1 M KOH solution in a staining
dish for a minimum of 3 hours to overnight. Cover slips were rinsed in bulk three times with
a staining dish volume-full of DI HO. The slips were fhén incubated in a 1% 3-
mercaptopropyl 'rri-efho;iysi lane (MPTS) (Fluka) solution in a 0.1 M NaH,PO, solution at pH 6
for 45 min to 1 h. The MPTS solution was shaken periodically to di'sperse the silane, which
forms an emulsion in the phosphate buffer. The cover;slips were then rinsed in bulk once
with 0.1 M NaHPQO,, pH 6, followed by a ;ingle bulk rinse with DI H,O. The slips were
individually rinsed with DI H;O and dried with a stream of N,. The slips were placed in the

covered staining dish and were cured for 30 min in a glassware-drying oven at 175 °C. After
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curing, the cover slips were rinsed individually with a 0.05% solution of Tween 20, followed
by a DI H,O rinse and N drying step. A 100 pM solution of DNA haif‘pin ina 0.5 M NaHCO;3,
pH 9 buffer, was incubated on the surface for 10 minutes. The sample was rinsed with DI
H.0 and dried with N,. The slips were then stéred in a N, glove box until used. Cover slips
more than 10 hours old were discarded, and blank cover slips were examined to insure that

there were no false fluorescent signals from surface contaminants.
Confocal Microscope Set-up

The apparatus used for these single-molecule detection experiments is the same as

that described in detail previously in Chapter 2.

Single Molecule Data Collection and Analysis

Diffusion. For diffusion measurements, tens of picomolar concentrations of hairpin.
were dissolved in 50 mM sodium phosphate buffer, pH 7, 50 mM Nacl and 15 ul of this
solution was placed betwee'n two clean cover slips, with a Parafilm gasket as a spacer
between the cover slips: _ The 500 pW excitation beam was focused 10 um into a sample cell
using a 100X 1.4NA oil-immersion objective and a 100 pm pinhole was used to remove out-of-
focus light, resulting in an effective femtoliter sample volume. Use of tens of picomolar
concentrations reduced the probability of finding two molecules in the beam simultaneously
to ~0.0005. Bursts of fluorescence photons were emitted as dye-labeled hairpin molecules

diffused into and out of the excitation beam. These bursts were recorded over 5-10 min
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intervals, with an integration time of lﬁ\s, and the time traces of bursts were analyzed to
collect statistics on the hairpin samples. A more detailed account of diffusion spFRET
analysis can Be found in [50, 75]. For the present work, the donor and acceptor channels
were examined individually, rather than summed, and the threshold for events was set at 10
times the sﬁndard deviation of the background signal.

.Use of Oxygen Scavengers for Diffusion Data Collection. Obtaining significant
numbers of high FRET events in diffusion was initially very difficult due to the poor
photophysics of the acceptor fluorophore Cy5 [76] and adequate diffusion data would have
been difficult to obtain. Premature photobleaching of Cy5 also contributed significantly to
the event peak at zero energy transfer efficiency, making it difficult to resolve any species
with energy transfer efficiencies of 0.4 or lower. Hence, the phofobleaching lifetime of
Cy5 was dramatically increased by the inclusion of oxygen scavéngers into the buffer. A
" glucose oxidase oxygen scavenging system “similar” fo that of [77] provided some
| improvement in Tﬁe 'Cy5 photostability, however it was not compatible with chemical or-

thermal denaturation experiments. We tested several small molecule scavengers sucH as
~ imidazole, B-mercaptoethanol, Trolox (a water-soluble version of vitamin E). and. propyl
gallate [78). Trolox (500 pM) énd propyl gdlla're (500 pM) were -fdund tobea Ver‘y effective
oxygen scavengeré, and their use was found to dmma'rica"y decrease the photobleaching
and oxidative damage of Cy5 (Figure 2). Further details of oxygen scavengers applied to-
fluorescence measurements on both hairpin DNA and with free dye will be presented in
Chapter 6. |
Images. Images of immobilized dually labeled hairpin in a 50 mM phéspha‘re buffer,

pH 7 solution were recorded. For surface-immobilized molecules, images of dye—labeled
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Figure 2: The use of oxygen scavengers greatly improves Cy5 fluorescence lifetimes for
single hairpins in diffusion. Histograms of events versus FRET efficiency are plotted for
the dA30s9 hairpin using (a) no scavenger (b) glucose oxidase, (b) trolox, and (c) propyl
gallate.

hairpins were acquired by scanning the sample across the excitation beam. 128 x 128 pixel
images were obtained by collecting data simultaneously per pixel on the donor and acceptor
fluorescence channels with 5ms/pixel time resolution. The image of a single molecule at

78nm/pixel is on the order of 5 pixels in diameter, effectively imaging the diffraction-

limited laser spot focused with the 1.4 NA objective. The images were then analyzed pixel
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by pixel via an algorithm that first subtracted the backgrounds from both images, including
any donor leakage onto the acceptor channel, and then calculated the pixelwise spFRET
efficiencies. Calculating the spFRET efficiencies per pixel rather than over the entire
point-spread funcfi9ns allows the calculation to be done on a faster time scale and minimizes
the effect of photobleaching on the mean value of the transfer efficiency, but results ina
greater contribution of shot noise to the measurement. The thresholding used for image
events was identical to that used for diffusion measurements. Evidence that we are
observing single-pair FRET can be found in images (Figure 6c) in which the abrupt
disappearance of the accépfor fluorescence (shown in red) upon acceptor photobleaching is
accompanied by the emergence of the donor fluorescence (shown in green).

Time Traces. Time traces, or the fluorescence intensities over time, of immobilized
single molecules were collected using a searching algorithm as previously described in [41].
These time Tmces. were analyzed individudlly to determine The_ presence of opening and
closing events of the DNA hairpins.

’Po/ar'izar/bn Anisotropy. The value obtained for FRET efficiency is dependenf on
the Férster radius (R,), of the dye pair used, which is in ’n.Jm dependent on the orientational
.‘ factor, k2. R, wds calculated to be 53 & for the Te‘rmme‘rhylrhodamine (TMR) and cyanine- |
five (Cy5) pair used in these experiments. This value assumes an orientational factor of 2/3
fovr ¥, a factor that must be justified by polarization anisofrc;py measurements of the
rotational freedom of both fluorophores. We followed the method of Ha [37] and measured
the s and p polarization components of single donor and acceptor fluorophore emissions for

the various sample preparations used in our study. These measurements were then fit with
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Figure 3. Temperature denaturation and renaturation of the dA40s9 hairpin in single-
molecule diffusion. The FRET efficiency of fluorescence bursts from hairpins at 1 ms
integration time was analyzed and plotted as a function of temperature for the same
hairpin sample. Each histogram is normalized to include 1000 diffusion events.
Temperature is given in degrees C. '

an angle parameter that provided information on the freedom of rotation of the

fluorophores during the data acquisition timescale.

Results and Discussion

Diffusion Data at the Single Molecule Level. Thermally and chemically denatured
DNA hairpins were studied using single molecule diffusion experiments (Figure 3). All
hairpins showed a peak at > 95% energy transfer whose relative area decreased with

increasing temperature or denaturant concentration. An example of this effect for the
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dA40s9 hairpin is shown in Figure 3. Data was dcquired on hairpins heafec; from 25 °C to 50
°C and cooled back to 25 °C, in 5 °C intervals. As the temperature of the sahple was
increased from 25 to 50 °C, the high energy fransfer peak decreased in area by 60.4% with
a corresponding increase in the zero energy transfer peak area of 53.5"/0. This behavior was
reversed upon cooling of the sample from 50 °C to 25 °C, indicating the denaturation and
r;eannealing of the DNA hairpins. Relative quantum yields, spectral position, and polarization
anisotropy var;igd less than 20% between O M and 8 M urea and O °C and 50 °C, contributing
to changes in transfer efficiency of 20% at most. Hence, the changes in energy transfer
‘measured in urea and temperature denaturation experiments are due primarily to hairpin
denaturation. The reaction time for the opening and closing of the hairpin is slower fhan
the rate of data acquisition (Ims/point), even at higher temperatures, because the peak at
high transfer effitigncy decreases in amplitude for :rhe dA40s9 hairpin as the sample is
heated or urea is added (data not shown) rather than shifting to lower efficiency values. If
‘The conformational fluctuations were faster than the rate of diffusion the higH FRET beak
would gradually shiff to lower FRET efficiency values as the sémpled conformations Ar‘e
averaged over time. We cormbo@fed this observation by performing fluorescence
correlation spectroscopy (FCS) measurements on our hairpin spécies and found that any
opening or closing time scales were slower than the diffusion time of the hairpin through
the laser beam (~ 180 ps).

Specificify of Surface Immobilization Chemistries. We tested the biotin-
streptavidin and the disulfide bond immobilfzaﬁon techniques to insure that the linkages to
the glass were biospecific or chemospecific, respectively. Charge interactions were ruled

out by imaging samples in 1 M NaCl solutions, and these samples showed negligible removal of
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Figure 4. Surface preparation biospecificity and chemoselectivity. Non-biotinylated
! DNA does not bind (a), while biotinylated DNA binds streptavidin coated cover slips (b).
DNA derivatized with a 3' carboxylic acid group does not react with mercaptopropyl
silanized (MPS) glass cover slips (c), while disulfide protected DNA undergoes a disulfide
exchange reaction with the thiol-derivatized surface (d).

DNA hairpins fr';bm the surface. Non-biotinylated DNA hairpins did not bind to the
streptavidin-coated surface (Figure 4a), while the same concentration (200nM) of
biofinqufedvhairpin was found to bind very well. This biospecific,conjuga’rion could be
quantitated by image analysis. Images were converted to grayscale and e.xqmined using the
histogram function in Adobe Photoshop™. The image in Figure 4a was found to have a mean
of 0.39 + 1.77x10 (arbitrary units) while the imagé in Figure 4b had a mean of 80.8 + 0.39.

Biotinylated-BSA sticks nonspecifically to the glass surface and tends to be washed off
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under high liquid flow. Images 4a and 4b were perférmed with DNA concentrations P'\igher
than that used to achieve single molecule coverage in order to show conclusively that the
' surface preparation u)as biospecific. An oligonucleotide with a mn—@dive carboxylic acid
group at the 3' end did not react and bind to the thiol derivatized surface (Figure 4c). An
image of 100 pM of these carboxyl-derivatized hairpins applied to the thiol surface is shown
m Figure 4c. This image had a mean of 8.99 + 0.039, while the accompanying image of the
same concentration of sulfhydryl-functionalized hairpins shown in Figure 4d had a mean of
23.9 £ 0.10. This indicates that the hairpin with the thiol Qroup attaches preferentially to
the thiol-derivatized surface. In addition, hairpins bound to the surface via disulfide bonds
could be competed from the surface with 8-mercaptoethanol. |
Polarization Anisotropy of Immobilized Hairpins, The DNA hairpins used in this
study were designed to produce very large conformational changes that »reéulf in “on or of f"
| energy transfer values; when the hairpin is closed, the energy transfer efficiency in all
hairpins studied is high (~ 0.9) and when the hairpins were open, the energy transfer
efficienéy drops to zero. While the precise distance between the fluorophorgs used in .our'
kinetics study was of secondary interest, determining the status of the rotational freedom
of the fluorophores used was important in order té rule out any large changés in FRET due
to rotational effects alone. In addition, the rotational properties of the dyes cén provide
information on the conformational freedom of the DNA hairpins themselves, e.g. if the dyes
are immobilized, the hairpin is also Iikély to be kinetically trapped on the surface. It should
be noted that what appears to be free rotation on the time scale of data acquisition does
not necessarily translate to a value of 2/3 for %, however, we can get some indication of

the average rotational freedom of the dye. Time traces of freely rotating fluorophores
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Figure 5. Polarization anisotropy data of dA40s9 hairpins bound via MPS or biotinylated-
BSA-streptavidin surface preparations. Data clusters around 90 ° and 180 ° indicate
freely rotating fluorophores, while points that lie along the line y=x indicate fixed
fluorophores. Variation about 90 ° and 180 ° indicates limited fluorophore rotation. The
majority of dye molecules are rotating for disulfide-linked hairpins (a) and biotin-
streptavidin-linked hairpins (b).”



show anti-correlated behavior on Thé p- and s-polarization channels, while fixed
fluorophores show correlated behavior [37]. Data compiled over many single molecules is
plotted as the angle parameter fitted p-angles versus the s-angles (Figure 5). Freely
rotating fluoropﬁor'es cluster around 90 ° and 180 ° (anticorrelated) while fixed
fluoropﬁorcs lie along the line y = x (correlated). Scatter around these two regimes
indicates that rather than beiﬁg fixed in place or having éomplefe 2rn freedom of rotation in
the plane of measurement, there is‘ some type of resfric’red rotational motion of the
fluorophores. The biotin streptavidin surface preparation appears to offer slightly better
fluorophore rotational fréedom than the disulfide linkage. This may be attributable to an
increase in surface interactions on the neutral mercapto-silanized glass surface than the
negatively charged surface of the biotin-streptavidin surface preparation, which> had
addifionél quenching of the epoxy-silane derivitized surface by aspartic acid. In boﬂ\ cases,
however, the majority ofb'rhe fluorophores show significant degrees of rotational freedom,
consistent with low interaction of fhe fluorophores with the glass surface.

Comparison of Diffusion and Immobilized Hairpins, Energy transfer effici,éncy
histograms of DNA hairpins immobilized through a disulfide bond to the glass cover slips
and freely diffusing in solution are compared in Figure 6. Diffuéion data was acquired at 1.
ms time resolution and fhe results indicated that fluctuations occurred on a slower time
scale. The timescale of the hairpin fluctuations is also greafgr the bms/pixel image time
resolution, consistent with our extrapolation from previous FCS data and data acquired .in
diffusion. Energy transfer efficiency histograms from image and diffusion acquired data
were fit with Gaussian distributions. The width of the peak at zero energy transfer |

efficiency for the surface measurement is significantly broader than the peak in diffusion
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Figure 6. An example of diffusion (a) and image (c) data and analyses. Donor emission is
shown in green and acceptor emission in red. The image is an overlay of simultaneously-
acquired donor and acceptor images. Histograms are fit with Gaussian distributions.
The high FRET peak position shows greater than 90% energy transfer efficiency for
both immobilized (b) and diffusing hairpins (d). The width of the Gaussian fit is slightly
larger for the image data than for the diffusion data, due to the higher background for
surface immobilized hairpins. Image is formed scanning from left to right, top to
bottom.

. 65



(0.25 versus 0.19) due the increased background that accompanies surface data. The
comparable distributions of FRET events for.image and diffusion data, along with the
polarization data, indicate that while in some cases there is evidence of interaction between
either the fluorophores or the DNA and the derivatized surface, the ovémll behavior of
the immobilized DNA hairpins is similar to that of hairpins in diffusion.

The Effect of Stem Size on Opening and Closing Rates of DNA Hairpins. We
monitored individual hairpins as a function of time to study the dynamics of the DNA
fluctuations. Searches for molecules were accomplished by looking for emission from both
donor and acceptor fluorophores. Wher the majority of molecules showed high degrees of
energy transfer, no individual opening and closing events were observed out of over one
thousand dA30s14 hairpin molecules sampled. We believe that the Iack of measured opening
and closing events for the 14-stem hairpin was due primarily to the limitations of the
 fluorescence technique used. Since the opening and closing rates for this hairpin were quite
long, photobleaching of the fluorophores became a significant problem in the .da'r‘a
acquisition. We were able to observe opening and closing events in 5 out of 200 (2.5%) of
the smaller dA40s7 and 34 out of 1000 (3.4%) of the dA40s§ hairpins. Statistics on 'rhé
conformational fluctuations were collected with these hairpi.ns using the streptavidin-
biofinylafed;BSA surface. A longer ethylene glycol linker between the DNA and the
surface-attaching group did not allow us to observe more folding events for the dA40s9—
thiol hairpin. |

The observed molecules Typical.ly showed constant FRET efficiency until
photobleaching regardleés of integration times that ranged from 02 to 25 ms. The :

photophysical behaviors of the fluorophores were tfaken into account when determining
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Figure 7. Examples of TMR and Cy5 fluctuations as a function of time for biotin-BSA-
streptavidin immobilized hairpins (a) dA40s7 and (b) dA40s3. On the left, fluorescence
signal shows anti-correlated behavior that is indicative of an energy transfer event.
High Cy5 and low TMR signals indicate a folded hairpin, while low Cy5 and high TMR
signals indicate a denatured hairpin. On the right are the calculated energy Tmnsfer'
efficiencies of the two traces. Acceptor is shown in black and donor in gray.

whether an observed time trace contained an opening or closing event. The addition of
oxygen scavengersl can have the undesirable effect of lengthening the triplet state
lifetimes of fluorescent dyes, since molecular oxygen acts as a triplet state quencher. In
addition, ‘fluoreSCem‘ dyes are known to havé long dark states in which fluorescence is
quenched. Both of these effects must be considered when deciding whether an anti-
correlated change in éonor and acceptor arnfssion intensities is in fact an opening of closing
event. Figure 7 shows time traces taken on dA40s7 and A40s9 hairpins. The advantage of

using single pair FRET rather than the single fluorophore quenching of molecular beacons
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for fluctuation measurements is evident in the time traces; it is easy to determine which
fluctuations are due to conformations of the DNAA and which are due to the photophysical
behaviors of the dyes. For example, the open states of the hairpins .shown in Figure 7 (a)
and (b) differ from dark states of the acceptor because the a&ceptor ‘fluorescence does
not return to the background level but remains af € = 0.2, a value twice that expected from
any leakage of the donor fluoresceﬁce onto the acceptor channel. The relatively long
infeg‘m‘rion time used fo;' time traces (5ms/point) effectively removes the complication of
triplet states (typically ~ps) in the medsuremen‘rs. The Timé that the hairpin is open or
closed was measured by the duration of an observed low or high energy transfer event,
respectively. The dumfion of 39 high FRET events and 39 low FRET events were measured
for the dA40s7 hairpin, and 98 high FRET and 94 low FRET events for the dA40s9 hairpin.
For a simple reversible two-state process such as
k-
Closed ' ;2 Open

ke

we expect exponential distributions for the closed and open state lifetimes, due to the
Paissonian nature of the process [79]. Deviations from single exponen'rialé in the state
lifetimes would be indicative of a more complex kinetic process, éuch as kinetic tfapping; of
the dyes or DNA by the surface. The measured open and closed state lifetimes were
binned in histograms, and the distributions were fit with single exponential .funcﬁons
consistent with the two-state folding model of the DNA hairpin (Figure 8).

We observed exponential kinetics for the opening times of both the dA40S7 and

dA40S9 hairpins that scaled consistently with their stem size. The dA40s7 hairpin was
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Figur':a 8. Exponential fits to on- and of f-time (high and low FRET signals) for (a) dA40s9
and (b) dA40s7 hairpins. Fits assume two-state folding kinetics. On-time bin width for
the dA40s7 hairpin is 50 ms, while off-time bin width is 100 ms. On-time bin width for'
the dA40s9 hairpin is 100 ms and of f-time bin width is also 100 ms.

found to have an closed-time of 45 (+ 2.4) ms while the dA40s9 hairpin had an closed-time
of 103 (+ 6.0) ms. The seven-stem hairpin had an open-time of 133 (+ 5.5) ms and the nine-
stem hairpin had an open-time of 142 (+ 22) ms. These closed and open state lifetimes much
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longer than the expected times of 0.5 to 2 ms that were extrapolated from the FCS work
of Bonnet [72]. It is quite possible tﬁa’r tethering the hairpins to a glass surfac;e has an
effect on the overdll kinetics of the hairpins. Howevef, the hairpih opening and closing
timescales measured by diffusion experiments were longer than expected, even at 50 °C,
indicating that a simple extrapolation from the Bonnet data does not acéumfely describe
the stability of fbese larger hairpins. It is important to note that while the timescales are
increased in this case, the overall two-state kinetics of the system are preserved. The
opening rates of the hairpiﬁs scale with stem size as expected, while the closing rates of
the two Types of hairpinsv agree within error, consistent with previous DNA hairpin results.
The distribution of closed and open times in Figure 8 shows one of the advantages of singler
molecule measurements, since the timescale distributions woula be hidden in an ensehble

measurement.

Conclusions

spFRET was used to measure the denatured and folded-state lifetimes of DNA
hairpins at single molecule resolution. While the overall kinetics of surface-immobilized
hairpins qualitatively f<.:—l|ows the kinetics expected from diffusion measurements, the
Timescdles for the haif‘pins studied wére found to be longer than those extrapolated from
previous work by Bonnet et al. The longer time scales that we measure may be attributed to
a surface effect that we were not able to detect. It is also possible that the scaling model
derived from simulations does not accurately predict, for hairpins with a large number of
adenines in their loops, the opening and closing timescales due to large excluded volume

'
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effects [72, 80-82]. To conclusively rule out the possibility that the longer time scales
that we observe for our hairpins are not due to surface effects, identical hairpins to those
in Bonnet's study should be synthesized, surface immobilizéd, and sfudied either at the
single molecule level or by surface-immobilized small-ensemble FCS.

We show .Thaf single molecule experiments allow direct measurement of the kinetic
properties of biological systems, observations of rare events that are difficﬁlt if not
impossible to detect at the ensemble level in the absence of synchronization, and
-examincﬁion of the distribution of properties within a population. The sensitive distance
dependence of FRET measurements along with the surface immobilization and time trace.
analysis techniques described in this study mayvallow experimentation on more complicated
hairp?n kinetics. For example, single molecule FRET experiments may prove useful in
studying the poorly understood kinetics of multiple alternate hairpin structures due to
triplet base repecn‘s' (s|>iding héirpins) at sites of gene transcription and translation
regulation that are thought to result in genetic diseases such as fragile XA syndrome and

myotonic dystrophia.
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Chapter 5

Single Molecule Probes of the Local Environment

Introduction

The exquisite sensitivity of fluorophores to their immediate surroﬁndings makes
them ideal probes for the local environment. Fluorescent molecules can be found that are
extremely sensitive to the surrounding solvent polarity, electric fields, ions such as Ca?, K',
Mg®, or Na*, and pH. This sensitivity can take the form of absorption and/or emiSé“ion" »
wavelength shiﬁs and changes in quantum efficiency upon ion binding or solvent and
potential changes. The natural fluorescence of the amino acid tryptophan has been used for
years41'o study changes in ﬁrbféin structure upon denaturation or enzymatic activity, since
tryptophan exhibifs_d large spectral shift fo the red when its local environment is changed
from a hydrophobic pock;:f to exterior solvent. In addition, tryptophan fluorescence can be
quénched by nearby residues upon folding or externally supplied quenching agents upon
denaturation [83]. The styryl dyes in the ANEPPS family are responsive fo>chcmge's in local
cell membrane potential, showing a large increase in fluorescence upon binding to the cell

membrane and a linear response in fluorescence excitation ratio with changes in membrane

potential [84]. Detection of Ca® levels is routinely performed in whole-cell microscopy
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through the use of indicators such as aequorin, Fura-2, and Calcium Green [85]. By
examining the individual dynamic behaviors of such fluoro.phores, information about the local
environment surrounding a molecule may be obtained. In this chapfer; the results from the
study of such an environmental probe, the pH indicator seminaphthorhodafluor (SNARF) (C- |

1270 Molecular Probes) will be discussed.

Ratiometric Measurements

SNARF was studied using ratiometric diffusion and immobilization methods. Due to
the low signal levels of éingle molecule measurements, shot noise, along with photophysical
fluctuations (such as triplet states and long dark states) can cause severe fluctuations in
the measured signal level of a fluorescent molecule. These fluctuations can lead to
complications in the inferpre’raﬂon_’of’The chemical or biological information obtained from
the fluorescence measurement. By using mtioﬁ\efric methods, some of these complications
may be overcome. For example, b); splitting the fluorescence onto two channels according to
some parameter (eg wavelength or polarization), recording the intensities on two channels
simultaneously, and then taking the ratio of the channels, photophysical events which affect

both channels can be suppressed [75].

Protonation-deprotonation as a diffusion-limited reaction

As shown in Figure 1, upon protonation or deprotonation SNARF's ensemble
absorption and emission properties shift to blue or red, respectively (86]. The protonated

and deprotonated forms of the dye are shown in Figure 2. Because of the large shift in -

73



emission wavelength upon

—a— carboxy snarf pH 10
—=— carboxy snarf pH § change in protonation

5000 - state, it is possible to

divide the emission of

the acidic and basic

Intensity (AU)

forms into two detection

channels by using a,

1 M L] v T T T T T Y 1
500 550 600 650 700 750
Wavelength (nm) dichroic mirror centered

at 610nm, the isosbestic
Figure 1: SNARF spectral shifts. :
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ratio of the emission on

the two channels is then calculated as Tiong/(Trong + Is;,o,.,). The pKa of SNARF has been
measured to be 7.6 [87]. making this dye an ideal pH indicator in the physiological pH range.
Because The' protonation process itself is very fast, the speed of reaction of
protonation and deprotonation of SNARF at the physioloéical pH's ranging from 6 to 8 used
in this study are diffusion limited bimoleculﬁr reactions. This can be seen from a simple

Fick's Law calculation. Following Daune [88], Fick's Law gives the flux of rﬁaﬁer‘ due to

molecule A as

J,=-0,

or
(assuming spherical symmetry). If molecule B is at rest and there exists a spherically
symmetric reaction region of ro = ra + rg around B that is devoid of A, we will have

c,=0 for r<r
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and | C,»C2 forr—-ow

where CQis the mean concentration of A in molecules/volume. The flux of A flowing

towards B through a sphere of radius r centered at B is given by

d
_é’;— = —47r°D,

or

which is integrated to yield

dn, )‘” a4
— =4xD, |\dC
( dt ) r® 8 6[ 8

R
and we then have

dn
d—; = 47[04/'06':

Here, ro is in meters, Da (the diffusion coefficient of molecule A) is in m2s™ and C, in
molecules per m?, so that dnA;dT is givén in molecules s"‘ and indicates the number of
molecules of A colliding with B per second.

Taking into account the movement of B, D4 can be replaced with Da + Dg, assuming
the movements of A and B to be uncorrelafed.‘ The diffusion coefficient for a dye such as
SNARF is ~ 10" cm?/s, while
. the diffusion coefficient of
the hydronium ion in water is
~ 10° cm?¥s. At pH 6, the

concentration of hydronium

ions is 1x10°M, or 6x10"

pKa = 7.6

molecules/cm’. For a single Figure 2: Protonated (a) and deprotonated (b) forms of
SNARF.
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dye molecule isolated within the femtoliter excitation volume of the laser, the rate of
collision with a hydronium ion in pH 6 solution, assuming a rough reaction radius of 5A, is
then estimated to be 3.7x10%s. For diffusion measurements, an integration time of 0.2ms
was used, which means that during a single time bin of the measurement at pH 7, there is

approximately one diffusional collision event between the dye and a proton. Another way

of looking at this is to note that in ‘r.he femtoliter excitation volume at pH 6, there are 600
hydronium ions with which the SNARF molecule may interact. With each increase in the pH,
the number of hydronium ions drops by a factor of ten, so that at pH 7 there are 60 and at
pH 8 only 6. The Iikelihoo.d of a protonation event is then very low at pH 8 and very likely at
pH 6, and this is reflected in the observed SNARF population.

The assumption of only collisional interactions is overly simplisﬁc; since there can be
.a charge interaction between the dye and hydronium ér' hydroxide ions depending oﬁ the
charge state of the dye. It cén be seen from Figure 2 that the deprotonated form of the
dye is negatively charged, hence there will be a Coulomb attraction between the
deprofonm‘ed form and nearby positively-charged hydronium ions. This attraction affects
the estimated rate of protonation by introducing a multiplicative factor (5.7 in this case for

an approximate reaction radius of 5A). This extra attraction contribution manifests itself

in the pKa of the dye, since Ka = Kqep/Kpor and pKa = -logso(Ka).
SNARF single molecule ratiometric measurements in diffusion

To demonstrate effectiveness of single molecule ratiometric techniques in resolving
protonated and deprotonated dye population distributions, diffusion measurements of
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Figure 3: Example of diffusion time trace of fluorescent bursts in pH 6 buffer. Thelong
channel (basic form) is shown in black and the short channel (acidic form) is shown in

gray.
SNARF emission properties were‘pérformed. Single molecule diffusion measurements on
SNARF consisted of the following: 55pM of carboxy-SNARF 1 was dissolved in sodium
phosphate buffers ranging from pH 6 to pH 8 in increments of 0.2 pH units. Samples were
made by sandwiching 15ul of solution between two hydrofluoric acid-cleaned coverslips,
with a Parafilm gasket as a spacer between the coverslips. The s&mples were excited with
circularly polarized light at 514nm, using the sef-up described previously in Chapter 2. A
100um pinhole was used to filter out out-of-focus background. 500uW of excitation was
focused 10um into fhe.'fluid from the lower coverslip and the fluorescent bursts were
passed first through a dichroic centered at 5.30nm (530drlp Omega Opfical) and then
through a 550 long pass filter (Edmund Scientific). The long and short wavelength.emission
was then split at the 610nm dichroic onto two APDs. An example of such single molecule
fluorescence bursts can be seen in Figure 3. Background was subtracted by measuring first

buffer-only éamples and then subtracting the average buffer-only emission from the
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measurements of samples containing SNARF. Ten minutes of fluorescence bursts were
~ analyzed and compiled into histograms for each pH. Only time bins that had signal levels
greater f‘han 10 times the standard deviation of the background were considered.

For each event above the cutoff threshold, the ratio of the emission on the long and
short wavelength detectors was calculated according to r - Tiong/ (Trong *+ Ishort), where Iioy is
the long wavelength (deprotonated) signal and Ign.+ is the short wavelength (protonated)
signal. These r ratios were then compiled into a histogram for each pH run (Figure 4). For a
pH of 6, with emission predominantly less than 610nm, we see a distribution closer to r = 0,
while for the predominantly long waveleﬁg’rh emission of pH 8, the distribution is shifted
towards r = 1. At pH 7, a bimodal distribution is clearly resolved, indicating separately the
equilibrium protonated ar;d deprotonated populations of the fluorophore. The two resolved
states of the molecule suggest an equilibrium protonation/deprotonation conversion rate
that is slower than the integration time (0.2ms). As can be seen in Figure 4, the pKa of ~7
measured in this manner differs from the ensemble value of 7.6. This is likely dué to
leakage of the tail of the protonated fluorescence spectrum onto the long wavelené‘th
detection channel and the higher 4uan1'um efficiency of the basic form of the dye.

An attempt was made to increase the reaction rate of the protonation-
deprotonation process of SNARF free in diffusion by increasing the temperature of the
sample. Since the quantum efficiency of SNARF is already quite low compared to most dyes
(0.047 for the acidic form and 0.091 for the basic form) [87], the additional decrease in
quantum efficiency produced by the increasé in temperature made single molecule detection

very difficult and this effort was abandoned.
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Figure 4: Distributions of protonated and deprotonated forms of SNARF. Here the
number of events measured above the cutoff threshold is plotted versus the quantity r =
(1+Tshort/ Tiong) ™.
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Figure 5: SNARF diffusion events for a pH 6 solution and an acetone-methanol-
DI-cleaned coverslip. Diffusion traces are taken at lum increments starting at
the coverslip and progressing into the sample. The number of events shown at the
coverslip (Oum) has been reduced by a factor of five from the data to fit on the
same scale as the other measurements.

Local Chemistry Reflected by Diffusing Single Molecules

The local chemistry of the glass surface was found to have a strong effect on the
concentrations and distributions of the protonated and deprotonated forms of the free dye
molecules in diffusion (Figures 5 and 6). For example, a glass surface cleaned with

hydrofluoric acid resulted in a negligible concentration of fluorophores diffusing at or near

the glass surface, while a glass surface cleaned with an acetone-methanol-deionized water
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Figure 6: Distribution of SNARF diffusion events for a newly-HF-cleaned coverslip at
the surface of the coverslip (a) and 10um into the sample (b). Plotted is the number of
diffusion burst events vs. Lon/(Tsort + Ting). The large peak on the left side of (b)
indicates a protonated, or acidic form of the SNARF indicator. The distribution of
SNARF diffusion events (same concentration) for a coverslip cleaned in the same batch
as that shown in (a) and (b) but after one week of storage is shown in the lower two
plots. Diffusion events in (c) are at the surface of the coverslip while those shown in (d)
occur at 10um into the sample. It cari be seen that the solution at the surface in (c) is
primarily basic, while the bulk solution shown in (d) is primarily acidic. The pH of the

buffer used in both cases was 6.4.
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sequence resulted in a substantially higher concentration §f fluorophores near the surface,
with longer average resi;ience times. Changes in fﬁe borosilicate glass surface chemistry
could also be measured over time. A freshly HF-cleaned coverslip was shown to have a very
low concer.l"tmﬁon of SNARF diffusing at or near the glass cbver‘slip,_while the population of
the fluorophore deeper within the sample was ‘hig;\er and reflected the bulk pH of the
sample.‘ However, .if these HF coverslips are examined a few days later, the fluorophore
behavior reflects a completely different surface chemistry, with higher concentrations .
near the surface, and distinctly different pH's at the surface and within the bulk of the
sample, even with the same bulk pH as before (Figure 6). A glass surface cleaned with
Hydrofluoric acid initially contains a large number of silanol groups, which are negatively
charged at neutral pH. The measured change in surface pH over time is attributed to
outgassing of alkaline species from the bulk of the borosilicate glaés onto the surface
[Corning, private communication]. Tf\is change in the local surface chemistry can have large
unwelcome effects on experiments involving the immobilization of biclogical molecules at the
glass surface, since the behavior of these molecules will also be modi{fied by . fheir

environments.

Local Environment Effects of Surfaces

To examine the effects of the local environment of the glass surface on
protonation-deprotonation rates of immobilized molecules, bulk spectra of surface-
immobilized SNARF molecules were taken. In order to obtain surface spectra, surface

chemistries were developed to attach SNARF molecules to glass coverslips. TInitially,
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SNARF-labeled dextrans (10,000MW dextrans with 05-2 dyes per dextrans) was
purchased from Molecular Probes (D-3303), and residual amines left from the dye-labelling
process were then used to couple the SNARF-dextrans to glass coverslips coated with
activated 3-glycidbxypropylfrime’rhoxysiIane (see Chapter 3). Due to the scarcity of
residual amines in fhe SNARF dextrans, coverage was not optimal for the necessary
_ensemble measurements of spectra of the SNARF-dextrans at the surface, although the

coverage was optimal for

2500

single molecule

2000 measurements, which will be

1500 discussed  below. To
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1000+ increase the coverage for
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Figure 7: Spectrum of SNARF at coverslip surface.

' aminopropyltriethoxysilane-
coated glass via the sulfosuccinimidyl ester formed by activating the carboxylic acid dye in
solution with 1-ethyl-3-(3-dimethylaminopropyl)  carbodiimide (EDAC) and
hydroxysulfosuccinimide (NHSS). Spectra taken of the ensemble dye at the glass surface
showed that the rates of protonation and depro'rond’rion were drastically different from
that of the dye freely diffusing in solution (Figure 7). This result was borne up by single
rﬁolecule time traces faken on individual surface-immobilized SNARF molecules, since even

at pH 6 the average spectral weight of most fluorophores observed was to the red (data

not shown). The difference between the ensemble and surface spectra is attributed to the

83



Long Wavelength Channel Short Wavelength Channel

Figure 8: Image of dextran-immobilized SNARF molecules on glass coverslip.

charge double layer that exists at the interface between the glass coverslip and buffer
solution. This double layer is believed to be around 3nm thick at the pH's and ionic

strengths used here [7].
Images and time traces of immobilized SNARF

The lower bound on the protonation/deprotonation conversion rate suggests that it
should be possible to observe individual protonation/deprofonation events, provided that
the fluorescence from a single SNARF molecule can be isolated and observed over longer
periods of time than are allowed in diffusion. To accomplish this the dextrans surface-
immobilization method was employed, resul;ring in a covalent attachment of the SNARF-
dextrans to the glass and allowing single molecule measurements of SNARF (Figure 8).

Analysis of 881 single molecule time trajectories in solution at pH 7 yielded 69 molecules
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that showed spectral jumps after Iongidark states (see for example Chapter 1, Figure 2).
The source of such long dark states Has been speculated upon by many in the single molecule
field. Interestingly, most of the spectral jumps observed in fhe_ﬁopulaﬂon of SNARF
molecules were jumps to shorter wavelength. While these changes in spectrum are related
to the local environment and sudden chemical changes of the fluorophores, it is doubtful
that they are actually protonation events. Similar jumps to the blue have been seen on
other types of fluorophores [89], and the freduency of spectral jumps was far slower than

expected for such a diffusion-limited reaction.

Snarf Immobilization in Gel

. While molecules did show fluctuations in spectrum befween blue and red on the
millisecond time scale (Figdré 9) the vast majority of time traces taken on surface-
immobilized SNARF-dextrans molecules showed no spectral fluctuations indicative of

: s

protonation or deprotonation events. Since buffering the electric bilayer is not possible,
various methods of extending the fluorophore distance from the glass surface or shrinking
the double layer were f_ried, including profein—c.oaﬁng the surface, using aminosilanes with
longer carbon linkers, and applying charge-quenching agents. These techniques did not
improve the spectral response of the SNARF, so methods of single molecule detection in gel
were pursued. Initially it was attempted to isolate single @rbow SNARF molecules in
agarose gel, however, even with gel concentrations up to 10%, the pores were too big to trap
the diffusing dye. Polyacrylamide 19:1 gels of concentrations from 4% to 30% were then
tried, but the polyacrylamide ‘was found fo quench the fluorescence of the SNARF.
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Figure 9: Spectral fluctuations of individual surface-immobilized SNARF-dextrans
molecules: (a) time traces and (b) plotted r values as functions of time for the traces in
(a). In (a), the long wavelength channel is shown in black and the short wavelength
channel in gray. r values are shown up to the point of photobleaching.
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Since the use of polyacrylamide was then ruled out, a new method of fmppiné the SNARF
molecules in agarose was developed. Thc;a 60,000 MW protein streptavidin was labeled with
SNARF (see Chapter 3), and the product was separated from the free dye in a 5000 MW
desalting column. Gel samples were prepared in a manner similar to that of Xie et /al 3]
HF-cleaned coverslips were spin-coated with 4% agarose gel, and the 1% gel containing the
SNARF-labelled streptavidin was then sandwiched in between these coated slips. For pH's -
below the pI of the protein, there was a tendency of the protein to immobilize on the glass
surface, rather than in the gel, due to glass-protein charge interactions. For pH's of 7 and
higher there were far fewer fluorescent épofs at the glass surface, with significantly more
fluorescent spots within the gel itself. Time traces of these fluorescenf\ spost were taken,
however;, the traces were found fo be far noisier than on surface-immobilized molecules.
Contribution to an increased background from the gel made data collection at millisecond
time resolution difficult, even for a ratiometric measurement.

As the SNARF experiments discussed iﬁ this chapter were being performed, similar
measurements of SNARF-dextrans immobilized in gel were made in Moerner's Iabomfdr* at
Stanford by Sophie Brasselet [90]. The study of B@selef was conducted at a rather long
. time resolution (20ms) for the observation of protonation/deprotonation events, and the
distribution of spectral properties were taken over whale molecule fime traces, yielding the
average behavior of each fluorophore. \This distribution showed large static
inhomogeneities in the SNARF population at pH's near the pKa of the dye. The large
distribution of emission properties was oﬁribufed to changes in the pka‘s of the individual
fluorophores, due to fluctuations in their local nanoenvironments. Such Iqrge distributions

in behavior are intriguing, since they indicate that even in the relatively inert matrix of
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agarose gel, macromolecules such as dextrans can sample a variety of environments.
Communication with Brasselet indicated that their group also found difficulties in obtaining
information from time traces taken at shorter time resolution, due to the poor quantum

- efficiency of this dye.
Conclusions

The pH indicator SNARF has proven to be very useful in demonstrating the
advantages of single molecule ratiometric measurements. Observing the change in 7
population of the two fluorescent states of the vmolecule for varying buffer conditions
shows the power of single molecule measurements in examining the distribution of
properties of a system. Specifically, directly viewing the protonated and deprotonated
pop'ulcxﬂlons allows the direct determination of the pKa for this dye. The exaﬁ\inaﬁon of the
fluorescent behﬁvior of individual SNARF molecules also provides an exéellem‘ example of
another of the strengths of single molecule work, which is the ability to examine specific
environmental changes over a véry local scale. Such phenomena as the demonstrated change
in pH over the few microns near a glass surface would be difficult, if not impossible, to
resolve in ensemble mea;mements. The ability to resolve the protonation state of individual
molecules leads direc‘rly to the idea of using a probe such as SNARF to study the
nanonenvironments of individual macromolecules in much the same way that tryptophan
residues are used to report local changes in protein structure via their sensitivity to solvent
polarity. Biological macromolecules are highly sensitive to their local environments, and in

the setting of a cell these environments can fluctuate greatly from molecule to molecule.
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The use of individual fluorescent indicators in monitoring the nanoenvironments of proteins,
nucleic acids, and other biological macromolecules could prove highly useful in understanding

the distribution in nature of biological processes.
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Chapter 6

Oxygen Scavenging

Introduction

Single molecule spectroscopy via laser-induced fluorescence has been plagued by the
problem of phéfobleaching, the irreversible photochemical process in which a fluorescent
molecule becomes non-fluorescent. Since single molecule fluorescence techniques involve
detecting the emission from a single fluorophqre, signal to noise is a critical issue and every
photon counts. Photobleaching of the fluorophore ends the measurement, so in applications
in which fluorescent molecules are used with biological sys'réms, it sometimes becomes
necessary to sample thousands of molecules in order to find a statistically significam‘l
number of molecules with ‘fluorophores that survive long enough for the desired
- measurement to be completed. In order fo compensate for the effects of photobleaching,
one can reduce the powér‘ of the excitation light, but in order to collect enough photons for
sufficient signal to noise data must bé collected over long times, _resul‘ring in lower time _
resolution. In some cases photobleaching may serve a useful purpose. For instance, the
presence of the abrupt, step-wise end of fluorescence emission is often used as an
indication of the presence of a single fluor‘ophore. In single pair fluorescence resonance

energy transfer (spFRET) experiments, the photobleaching of the acceptor molecule and
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the subseq'denf recovery of donor molecule emission is used as proof of the presence of a
single FRET pair and also allows the pairwise calculation of the energy transfer efficiency.
For the most part, however, photobleaching has presented a significam‘ hurdle for
researchers attempting to study systems using single fluorescent molecules.
Photobleaching can skew statistics, make finding active molecules very difficult, and Iimif.

the ability to measure photophysical changes that occur over long time scales.
Role of Oxygen in Photobleaching

It is generally acknowledged that while other free radicals can attack fluorescent.
molecules, highly reactive singlet oxygen is a major culprif in the process of photobleaching
[91,78]. Photobleaching can occur from either the singlet or triplet states of a fluorescent:
molecule._ However, since the triplet state of the molecule is typically much longer lived
than the singlet excited state (10 to 107 seconds for the triplet state versus 10 seconds
for the singlet state) it is the triplet state of the molecule that is more susceptible té
interaction with singlet oxygeﬁ. Triplet oxygen (the ground state of the oxygen molecule)
servés the useful purpose of enhanciﬁg the intersystem crossing transition of a fluorophore
from the gxcifed friple{sm‘ré to the singlet ground state by interacting with a fluorophoré
in the long-lived triplet state. This interaction can take the form of either pﬁysical or
chemical quenching [92,93]. Triplet oxygen quenching of the singlet and triplet states of
organic molecules is in general within an order of magnitude of the diffusionalw quenching
constant [94], with S, quenching occuring at the diffusion rate and quenching of T, typically

slower. Since the time the fluorophore resides in the triplet state is lessened, this triplet
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quenching increases the excitation level at which the fluorophore emission saturates. It is
often the quenching of the triplet state of the fluorophore by triplet oxygen that leads to

the production of highly reactive singlet oxygen species:

S,

hv Isc
., > S, 2

T+0,—% 55 +'0,

Molecular oxygen is found typically at 250uM concentrations and the singlet form has a
lifetime ~ 4ps in aqueous solution. Since the singlet oxygen' is in close proximity to the dye
molecule immediately after this conversioﬁ, it has a higher chance of reacting with the dye.
This reaction can take many forms [95] and seems to be dye dependent [96], but the result
of a dye-singlet oxygen reaction typically results in 'r‘he destruction of the fluorophore.
There is then a competition between the positive effect of triplet oxygen quenching and the

negative effect of photodestruction due to singlet oxygen.

Oxygen Scavenging Systems

While ideally fluorescence measurements should be carried out in the absence of
oxygen and in the presence of an effective triplet state quencher, most researchers have
resorted at one ﬁmé o;another to. oxygen scavenging syétems, seeking to remove oxygen
completely from their systems. The most popular of these currently is the glucose oxidase
(60OD) enzymatic system. This system ufilizes the catalysis of glucose into w_c-n‘er and
hydrogen peroxide. It is often necessary to provfde the system with a second enzyme,
cd‘ralase, in order to avoid unwanted build-up of hydrogen peroxide over time, since the

breakdown of hydrogen peroxide by chlorine also produces singlet oxygen.
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D-glucose + H,0 + O; Glucase Oxudas; D-glucono-1,4-lactone + H;O,

Catalase 2 H,0 + O,

2 H,0;

While the GOD system has been used with success in single molecule experiments
[14,77], an enzyme-based oxygen scavenging system is often impractical. An example of this
is protein denaturation-renaturation experiments, either by denaturants such as guanidine
hydrochloride and urea or by temperature. In measurements such as Thgse, the 6OD
system will obviously also be denatured. We describe here the investigation of the uTilifiés
of various small molecule oxygen scavengers for single molecule experiments. We pre.serﬁ'
results of fluorescence correlation spectroscopy (FCS) measurements of the photophysical
properties of fluorescein and rhodamine 6G with and without four different oxygen
scavengers: GOD, a waferr}soluble vitamin E analogue known as Trolox™ ((R)-(+)-6-Hydroxy-
2,5,7,8-fe’rmmefhylchromaﬁ—Z-carboxylic acid), n-propyl gallate (PG), and 2-
mercaptoethylamine (MEA or cysteamine). We then demonstrate the effectiveness of THe
different scavengers in single molecule diffusion measurements with DNA hairpins, using a
Afetmmefhylr‘hodamine (TMR) and cyanine five (Cy5) dye pair in single pair fluoresceﬁce

resonant energy transfer (spFRET) experiments.
Fluorescence Correlation Spectroscopy

Measurements of the photobleaching rates and triplet lifetimes of both fluorescein
and rhodamine 66 have been described previously in the presence of oxygen, with the
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addition of potassium iodide (which is known to increase the intersystem crossing rate), and
with the replacement of oxygen with argon in solution [97,98]. Following the method of
vWidengren et al, we performed FCS measurements on fluorescein and rhodamine 66 in the
presence and absence of our four oxygen scavenging systems in order to measure the
effects of the different oxygen scavengers on the photobleaching and triplet states of the
fluorophores. For FCS measurements, the cr'c;ss correlation of the intensity .'rir.ne traces

was performed, and these cross correlations were fit by a function of the form

(INI¢+) 1
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in which N is the number of molecules in the excitation volume, Fiper is the fraction of
molecules in the triplet state, Taiff IS the diffusion'fime of the molecule through the
excitation volume, and Tiriplet 1S The triplet state lifetime. The cross-correlation of two
detectors was performed instead of the autocorrelation of one detector in order to reduce

effects due to the dead times of the detectors.

Single Molecule Measurements

To show the effect of oxygen scavengers on biological single molecule experiments,
we examined the property distributions for single pair fluorescence resonance energy
transfer in a DNA hairpin system. DNA hairpins serve as a simple model of a two state

molecular system. A DNA hairpin is formed as a consequence of inverse repeats in a single
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strand of DNA connected by‘ a sequence of non-complimentary DNA. As part of our
research, we have been studying fhé kinetic behavior of DNA hairpins freely diffusing in
solution, using the method of single pair fluorescence resonance energy transfer (spFRET).
In our case, the end of a DNA hairpin is labeled with an acceptor fluorophore while a base in
the loop of the hairpin is labeled with a donor fluorophore. For the purposes of this
chapter, our interest in the actual conformational behaviér' of our DNA hairpins is
secondary. Wha'r is important is that the DNA hairpins can exist on one of two states, a
"denatured"” or open conformation, with a low degree of energy transfer efficiency, and a
closed or “native" conformation, with a high degree of energy transfer efficiency. Further
details of the kinetics of these hairpins can be found in Chapter 4. Our hairpins weré
de;igne,d so that in the closed state the distance between the vdonor' and acceptor
fluorophores produces close to 100% energy transfer (Chapter 4, Figure 1). In this case we
expect to see only emission from the acceptor fluorophore. In the open state, the
fluorophores should be far apart and the resulting energy transfer efficiency is predicted
to be 0%, leaving only donor fluorophore emission. The use of the dye pair of TMR-CYs is
highly desirable for FRET measurements for a number of reasons: the donor is easily
excited with the 514nm line of an argon laser while there is negligible excitation of the
acceptor, there is a largé spectral separation between the emission of the two dyes, and the
Forster radius for fhese’fwo dyes (53A) isJ comparable to many relevant biological length
scales. The drawback to this dye pair is the very poor photostability of the acceptor CY5
It has been shown previously [50] that if there is a large amount of preferential
photobleaching of the acceptor fluorophore, the resulting distribution of energy transfer

efficiencies may be skewed. This can give the appearance of either more low energy
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transfer events within the population than is correct or incomplete double labeling of the

sample.
Materials and Methods

Experimental apparatus: FCS and single molecule measurements were carried out
using the Zeiss confocal microscope sysfem described previously in Chapter 2. Laser light
at either 488nm (fluorescein) or 514nr4n»(rhodamine 66 or DNA hairpin) was first reflected
off a dichroic beamsplitter (Omega Optical 495drlp or 530drlp) before illuminating the
sample. A 63X 1.2 NA water immersion objective (Zeiss C-Apochromat) was used 'ro'focus
the excitation light into a diffraction-limited spot. Polarizers and waveplates were used to
maintain a circularly polarized excitation polarization. Fluorescence from the sample was
collected by the objec‘rivveqnd passed back through the dichroic. After passing through a
holographic notch filter (Kaiser Optical HNPF 488 oE 514) o further remove Rayleigh-
scaﬁeretj exci‘raﬂon'lighf, the fluorescence was sent o two avalanche phofodiodves. In the
case of DNA hairpin spFRET measurements, the lightv from the donor and acceptor
fluorophores was split at a second dichroic (Omega Optical 630drlp) and passed to separate
avalanche photodiode de-T—ecTors (APD's) (EG&G AQ141). To reduce cross-talk between the
two channels in the DNA experiments, a band-pass filter (Chroma Technologies 585df60)
was placed in front of the donor APD and a long-pass filter (Chroma E650LP) was placed in
front of the acceptor APD. For single fluorophore heasuremen‘rs a simple bandpass (530

df60 for fluorescein) or long pass (550LP for rhodamine 6G) was used, and the fluorescence
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was split using a non-polarizing beam splitter cube onto two separate APD's. The cross
correlation of these two channels was then performed.

Blank samples containing only buffer and 'rhé oXxygen scavengers were examined to
make sure there were no false positive events due to contamination. The GOD system
(Boehringer Mannheim) was prepared by first dissolving 500uM glucose in a NaP buffer,
followed by the addition of 62.5nM of GOD and 62.5nM of catalase. For Trolox™ (Sigma),
n-propyl gallate (Sigma), and cysteamine (Fluka), each was dissolved first in 50mM
concentration in DMSO and 10uL of this solution was dissolved in a pH 7 NaP buffer (50mM
NaP, 50mM NaCl) to yield a final concentration of 500pM of the oxygen scavengers. To
eacﬁ of fhesé aliquots Was added 50pM of DNA hairpin for single molecule measurements or
InM of dye for FCS measurements. Use of tens of picomolér concentrations for single
molecule measurements reduces the probability of finding two or more ‘molécules in the
beam simultaneously to a negligible value. A sample cell was formed by placing 15l of either
the DNA or dye sample solution between two hydrofluoric acid-cleaned coverslips; with a
Pdrafilm gasket as a spacer between the coversllips. The excitation beam is focused ldpm
into a sample cell and a 50um pinhole is used Tov remove out-of-focus ligh’r,v resulting in an
effective femtoliter sample volume. Bursts of fluorescence photons are emitted as dyes or
dye-‘labeled hairpin molecules diffuse into and out of the excitation beam. For the sin§I¢
molecule DNA hairpin samples, these bursts were recorded with a time resolution of 1ms
over ten minute intervals and the time traces of bursts are analyzed via Matlab algorithms
to collect statistics on the hairpin sarf\ple. A suitable threshold above background was
chosen in order to reduce the likelihood of false positive events while rgfainir{g The‘

maximum number of fluorescence bursts, and the number of events occurring above this
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Figure 1: FCS cross correlation traces of (a) Rhodamine 6G and (b) Fluorescein in
sodium phosphate buffer.

cutoff w;re recorded. Donor and acceptor channels were given independent 'rhre.shélds of
ten times the standard deviation of the backgrpund fluorescence.

FCS cross correlations were performed after data acquisition, rather than on the
fly. Generally, ten-minute aéquisifions were performed, however, for lower intensities the
data acquisition time was lengthened in order fo reduce noise on the cross correlation

functions.

Results and Discussion

FCS: The normalized cross correlations of fluorescein and rhodamine 66 in NaP
buffer (no scavengers) under intensities of 20kW/cm? and 400kW/cm? are shown in Figure
1. It can be seen that the increase in excitation intensity results in an increase in the
number of molecules in the friplé’r state as well as a decrease in ‘rhe. time molecules are seen

diffusing across the excitation volume. This decrease in the diffusion time is due to the

increased photobleaching of the dyes under higher intensities. The same FCS
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Figure 2: (a) Rhodamine 66 and (b) Fluorescein fluorescence parameters acquired from
fits of Equation (1). Sodium Phosphate Buffer Only (&), Mercaptoethylamine (®), Glucose
Oxidase (#), Propyl Gallate (A), and Trolox (V).

measurements were then performed for the two dyes in the presence of each scavenger at

varying excitation intensities. The cross correlation functions for all conditions were fit

with Equation (1) to yield the diffusion time, fraction of molecules in the triplet state, and
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the triplet state lifetime. These values are shown in Figure 2. From these fits it becomes
clear that there are significant changes in the fluorescent properties of the dyes due to
the addition of oxygen scavengers, but the scavengers differ in their effects. The addition '
of oxygen scavengers to the system is expected both to decrease the photobleaching rate
of the dyes and to increase the triplet state Iifgﬁme. The contribution of both ovf these
effects to the increase in‘ the observed diffusion time has been documented previously in
[97]. The increase due to reduced photobleaching is easily understood, since the
fluorophores are able to sample more of the beam before photodestruction. The effect of
the triplet state on the diffusion time is more complicated but can be understood in terms
of a change in the population ‘rhaj contributes to the measured intensity fluctuations. What
was previously <‘1n effective Gaussian cross-section of excited flu‘orophor'es becomes
ﬂaﬁ'ened-, since those fluorophores in the center of the excitation beam are triplet-
saturated and begin to contribute less to the overall signal than those on the wings. This
results in an effective increase in the fitted diffusion time across the beam.

Small changes in the diffusion times asa fun&ion of power were observed with GOD
and MEA, while quite large effects were seen for the Trolox™ and PG. The diffusion time
inclreaSes in the cases of Trolox and PG for both fluorescein and R66G, and these two
scavengers produce the highest fraction of molecules in the triplet state for both dyes.
The spread of diffusion times seen between the different scavengers at the lowest power
is simply due to differences in the alignment 6f each sample. Once a sample is al'i-gned, no
more changes to the alignment are made as power is increased. In the case of R66G, MEA
appears to arrest the change in diffusion time while slightly decreasiﬁg the triplet fraction

at higher powers compared to that found in the buffer-only sample. The effect of MEA on
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Figure 3: FCS cross correlations showing the mixing of oxygen scavengers. ImW.

fluorescein is to increase the diffusion ‘rimé while producing a faster saturation of the dye.
The triplet fraction at the Highe.s‘r power used, however, is the same as in the buffer-only
sample. These effects of MEA on fluorescein and R66G are consistent with those observed
préviodsly by. Song, et al [99], who found that MEA's phofobl_eaching protection occurs by
interaction with the triplet state of the dye. It has been hypothesized that PG and MEA
may act as both oxygen scavengers and triplet quenchers [97,99].. To determine if this was
~ true we performed FCS measurements on two additional fluorescein and rhodamine 66
samples which contained both Trolox™ and either PG or MEA in the buffer. The reasoning
in this was that Trolox";, a sacrificial oxygen scavenger, should remove the oxygén, which
‘would result in an overall increase in the triplet state lifetimes of the dye molecules as seen
before. Any reduction of these lifetimes from that seen in the Trolox™-only samples must
then be due to the interaction of n-propy! gallate or MEA with the triplet states of the dye
molecules. Results of these measurements are shown in Figure 3. From the plots shown, it

does not appear that PG or MEA are acting as tfriplet quenchers.
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Figure 4: Calculated average number of photons emitted by (a) Fluorescein and (b)
Rhodamine 66 in the following conditions: Sodium Phosphate Buffer Only (m),
Mercaptoethylamine (®), Glucose Oxidase (), Propyl Gallate (A ), and Trolox (V).

Figure of Merit

One figure of merit for a fluorescent mdl‘ecule is THe total number of photons it
produces before photodestruction. To estimate this valué for the various combinations of
oxygen scavengers and dyes examined, we per‘for'méd a simple calculation of the average
intensity of our FCS traces divided by 'rhe fitted number of molgcules to get the average
rate of emission per molecule. This was then multiplied by fitted diffusion féme of the

molecules in the beam, to give the average number of photons emitted by a molecule as it

traverses the excitation volume:

I

avg

Numavg = Ty

Neitred
It should be noted that here the diffusion time is very short, due to the small focal volume -

employed, hence the low average number of photons per molecule.
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The values for this figure of merit are shown in Figure 4 for both fluorescein and
rhodamine 66. By taking the ratio of the fitted diffusion time over the fitted number of
molecules, the effects of saturation are reduced somewhat, since both depend on the same
r? area factor (assuming a cylindrical FCS volume). There is still a contribution to the
number of molecules from the height on the volume element, and it is not clear yet what
effect saturation has in the z-direction. It can be seen, however, that for the buffer-only
samples of both fluorophores, the number of photons decreases with increasing power, as is
expected from photobleaching and triplet saturation. Glucose oxidase does not appear to
greatly enhance the fluorescence emission of either dye, although the slope of the number
versus power curve of GOD (and MEA) for R6G crosses that of the sodium phosphate
buffer, perhaps indicating an improvement at higher powers than those measured. here.
MEA provides some improvement in the total emission of Fluoresﬁein as well. Trolox and PG
show clear enhancements of total photon output for both R6G and Fluorescein, indicating
that in applications where the total number of photons is important, they are the prefer‘red
oxygen scavengers. The increase in the fraction of molecules in the triplet state due to ;rhe
use of oxygen écavengers may prove to be a deleterious effect for many measurements,
since this results in an overall decrease in the rate of emission from a molecule and thus a
decrease in the signal-fo-noise ratio of the experiment. The decision to use oxygen
scavengers should then take into account which is more important for a given experiment,

the rate of emission or the total number of photons emitted over time.

103



Hairpin DNA

For fluorophores with low intersystem crossing rates such as CY5 [76), the use of
oxygen scavengers can provide marked improvements in single molecdie measurements, since
the effects of sa’rumﬁc;n are not as pronounced with such molecules. From the results of
‘the single molecule diffusion measurements shown in Figure 5, it becomes clear that the
small molecule oxygen scavengers are preferable to 60D in removing oxygen. There is a
clear increase in the high energy transfer efficiency peak due to the addition of éxygen
scavengers, with Trolox, PG, and MEA all showing a greater increase than that with the GOD
s}sfem. It was found in previous attempts at performing temperature denaturation-
reannealing measurements of hairpin DNA that at 50 °C the GOD began to contribute a
large background to the measurement due to the prb’rein’s‘ denaturation and aggregation
‘(da,fa not shown). The same experimeﬁ‘r could be performéd with the small oxygen
scavengers, however, and an example of suchva denaturation-reannealing measurement is
shown in Chapter 4, Figure 3. In addition to the four oxygen scavengers discussed here, a
number of pfher, less effective oxygen scdvengers and antifading reagents were also tried.
These included imidazole, beta-mercaptoethanol, Antifade ™ (Molecular Probes) and Prolong
™ (Molecular Probes). éﬁbbling solutions with nitrogen to physically replace oxygen was also
tried. None of these methods proved to be as effective as the four scavengers shown here.
Since propyl gallate, Trolox, and MEA are small mqlecules, easy to use, and not subject to
deﬁa'rumﬁon by temperature or standard chemical denaturants, they should prove to be
valuable additions to single molecule measurements in which photobleaching presents

significant difficulties.
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Conclusions

Because singlet oxygen plays such an important part in the photobleaching process,
the removal of oxygen is the primary means employed in reducing photodegradation in single
molecule experiments. Oxygen removal techniques such as bubbling with argon or nitrogen
or employing enzymatic systems can be effective, however they are often inconvenient and
cannot be applied universally.  Since photobleaching often produces significant difficulties
in single molecule experiments, any attempt to circumvent its effects is generally
worthwhile, despite the increased difficulty in sample preparation that typically
accompanies such an attempt. The use of small molecule oxygen scavengers can provide a
simple and easy method of oxygen removal in many cases, and the use of such scavengers
allows measurements such as denaturation-renaturation (either temperature or chemical) of
macromolecules to be performed without the loss of oxygen scavenging ability under
denaturing conditions that is found in enzymatic systems such as 6OD. Two of the
scavengers examined here (propyl gallate and Trolox™) have been shown to improve the
overall number of photons emitted per molecule in FCS measurements, and of the four
primary oxygen scavengers examined here (GOD, Trolox™, propyl gallate, and
mercaptoethylamine), all ~showed some improvement in total number of detected events in
single pair FRET measurements. Examples such as this show that by utilizing such oxygen
scavenging systems, it is possible to improve the overall statistics of single molecule

measurements.
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Figure 5: 14 stem DNA hairpin with oxygen scavengers. 1000 Events in each histogram. -
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Conclusions

The field of single molecule detection and spectroscopy is in its ﬁdolescence now,
havfng passed through the years when the simple detection of a single fluorescent molecule
was novel and could be documented in Science and Nature articles. The field is cuf’renﬂy
growing by leaps and bounds but has not yet reéched maturity. Now that the initial thrill of
finding such a potent new investigative method has worn off a bit, res.earchers are asking
themselves, "How do I use these techniques to the greatest benefit? What 'ar‘e the
questions I can answer using single molecule measurements? What are the advantages ahd
what are the drawbacks? What place do these types of measurements have in bioldgy,

chemistry, and physics?”

The cnswérs to sorﬁe of these questions are clear. The ability of single molecule
detection to resolve the distribution of behaviors within a population is an extremely
valuable tool, and it is the strongest argument one can find in favor of attempting to
measure the behavior of a system on a molecule by molecule basis. The ability to turn a
magnifying glass on a single enzyme, a siﬁgle strand of DNA, or a single fluorescent
environmental probe, and then compare that molecule to the next and the next cffolr'ds the

opportunity for a more in-depth understanding of the inhomogeneous nature of complex
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systems. Another advantage of using single fiuorescent probes is the ability of such probes
to report on their specific nanoenvironments. This exquisite sensitivity can be applied to
material science, examining highly localized fields and charges, or to biology, investigating
the i_nhomogeneous environment of a cell. In doing so, however, it is important to keep
clearly in mind what one expects to learn from such measurements, since there is now a
temptation in the scientific community to apply single molecule measurements to many
systems simply because of the novelty of the measurements. The detection of single
fluorescent molecules has become fairly routine over the past few years, but extracting
meaningful information from such measurements has not gotten easier. Single molecule
measurements must be clearly defined, the fluorescent labeling of the systems to be
measured must be reliable and exact, and the basic photophysics of the fluorophores must
be understood in order to gain useful information from such measur;emem‘s, mfher: than
simbly introducing more complex questions.

That said, with proper usage single molecule measurements do have to potential to
provide a wealth of new knowledge about many processes in physics, chemistry, and biol.ogy.
The ability to measure single chemicdl reactions sucﬁ as protonation and deprotonation and
the direct observation of individual macromolecular conformational dynamics such as the
opening and closing of DNA hairpins presented in this thesis have served as demonstrations
of this powerful technique. Single molecule fluorescence detection is now in wide use,
examining problems as diverse as ion channel gating, enzymatic turnover, nanocrystal
photophysics, and small volume chemical reactions. The work presented in this thesis has
infroduced new methodologies for detection and immobilization, along with the development

of better methods for understanding and controlling the photophysical properties of the
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fluorescent probes. This type of work contributes to solidifying the foundation on which
the field of single molecule ‘defec'rion and spectroscopy is growing. Without a firm
understanding of the effects of the local environment on fluorescent molecules, without
proper immobilization methods, and with the complications of poor photostability, single
molecule measurements simply introduce more questions than they answer. With these
issues addressed, single molecule fluorescence measurements can serve as a powerful tool

applied to diverse problems in physics, chemistry, and biology.
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