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ABSTRACT OF DISSERTATION

Biomolecule Conformational Dynamics Studies using Two-Beam 
Fluorescence Fluctuation Spectroscopy: Dynamics of DNA Hairpin

Structure

This dissertation describes a new fluorescence-based technique for understanding 

biomolecule conformational dynamics, referred to as two-beam fluorescence fluctuation 

spectroscopy (2bFFS). In this approach, the fluorescence fluctuations associated with 

biomolecule conformational changes were observed as the molecules flowed sequentially 

between two spatially offset, microscopic detection volumes, and analyzed 

simultaneously from three different vantage points— cross-correlation analysis of the two 

detection channels relative to each other, autocorrelation analysis o f the two detection 

channels independently, and photon counting histogram (PCH) analysis. The cross­

correlation function characterizes the hydrodynamic properties (flow rate and diffusion 

rate) of the molecules under study, independent o f conformational fluctuations. These 

parameters can then be used to constrain the measured autocorrelation function, from 

which precise measurements of the conformational kinetics parameters are obtained. The 

combined PCH analysis can resolve the equilibrium distribution between different 

conformations of the molecules. To demonstrate these principles, dynamic equilibrium 

between the folded and unfolded conformations of single stranded DNA hairpin 

molecules was investigated. The DNA hairpins contained a polythymine loop and a five 

base-pair stem sequence that was end-labeled with a fluorescent dye and a quencher. 

Folding and unfolding of the DNA hairpin structure caused the dye fluorescence to 

fluctuate on the same characteristic time scale as the conformational change. In addition 

to unambiguously characterizing the relaxation times of the process, the analysis revealed
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non-exponential relaxation kinetics and DNA size-dependent folding times characteristic 

of dynamic heterogeneity in the DNA hairpin-forming mechanism. Analysis o f the 

equilibrium distribution suggests a three-state mechanism for the reaction, involving a 

rapid equilibrium between open and a stable intermediate form o f the DNA hairpin. The 

final, closed form of the DNA hairpin is suggested to be stable on a much longer time 

scale than that of the present FFS measurements.

Jaemyeong Jung 
Department o f Chemistry 
Colorado State University 

Fort Collins, CO. 80523 
Fall, 2005

IV

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



<3̂ o nuj,

<uu3

m y <me&, (Eicwve, <utB *lD<Miie£

V

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

CHAPTER 1. Introduction.......................................................................... l

1.1 Biomolecule Conformational Changes................................................................. 1

1.2 Conformational Changes of DNA Hairpin........................................................... 4

1.2.1 DNA Hairpin Structure.....................................................................................4

1.2.2 Fundamental Questions in Biological Processes...........................................7

1.2.3 Experimental Observations.............................................................................. 8

1.2.4 Theoretical Descriptions...................................................................................10

1.2.5 Alternative Scenario in DNA Hairpin Folding Process............................... 14

1.3 Dissertation Summary............................................................................................. 16

1.4 Reference.................................................................................................................... 18

CHAPTER 2. F lu orescen ce Fluctuation S p ectro sco p y ....................24

2.1 Background and Theory........................................................................................ 24

2.1.1 Fluorescence Correlation Spectroscopy........................................................24

2.1.1.1 Basic Concepts..................................................................................24

2.1.1.2 Single Molecule Confocal Spectroscopy.......................................34

2.1.1.3 Fluorescence Cross Correlation Spectroscopy............................. 40

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.1.1.4 Measuring Correlation Function........................................................45

2.1.2. Photon Counting Histogram.......................................................................... 48

2.2 Instrumentation..........................................................................................................53

2.2.1 Capillary Preparation........................................................................................ 53

2.2.2 Optical Setup..................................................................................................... 55

2.2.3 Data Acquisition................................................................................................59

2.3 Conformational Fluctuation Represented by Fluorescence Fluctuation 61

2.4 Reference................................................................................................................ 71

CHAPTER 3. Folding and Unfolding K inetics of H airp ins ............. 78

3.1 Introduction............................................................................................................. 79

3.2 Experimental section................................................................................................. 81

3.2.1 S ample preparation............................................................................................81

3.2.2 Temperature dependent fluorescence analysis..............................................83

3.2.3 Instrumentation..................................................................................................85

3.2.4 Data acquisition.................................................................................................86

3.3 Analysis and Results..................................................................................................86

3.3.1 Theory.................................................................................................................. 86

3.3.2 Analysis of cross correlation functions........................................................... 93

3.3.3 Analysis of auto correlation functions............................................................. 97

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.4 Discussion 101

3.5 Conclusion..................................................................................................................106

3.6 Supplementary Information.................................................................................. 107

3.6.1 Precision of Kinetic Parameters............................................................................107

3.6.2 Degree o f Correlation............................................................................................. 109

3.6.3 Assumption of Two-state Mechanism..................................................................114

3.6.4 Programming code for the combined FCS analysis..........................................117

3.7 Reference...................................................................................................................124

CHAPTER 4. Equilibrium Distribution of DNA C onform ers  126

4.1 Introduction............................................................................................................. 127

4.2 Experimental section.............................................................................................. 129

4.2.1 Sample preparation and instrumentation......................................................129

4.2.2 Data acquisition...............................................................................................132

4.3 Analysis and Results............................................................................................... 133

4.3.1 FCS and PCH analysis.................................................................................... 133

4.3.2 Failure of the two-state reaction mechanism............................................... 145

4.3.3 The three-state reaction mechanism..............................................................149

4.4 Discussion.................................................................................................................. 153

4.5 Conclusion................................................................................................................. 159

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.6 Supplementary Information.................................................................................. 162

4.6.1 Derivation of three-state FCS model..............................................................162

4.6.2 Combined approach of FCS and PCH analysis............................................ 166

4.6.3 PCH analysis of model two-state system...................................................... 170

4.6.4 PCH analysis of DNA hairpin sample........................................................... 173

4.6.5 Expected behavior o f parameters................................................................... 175

4.6.6 FFS experiments with varying sample concentration................................. 176

4.6.7 Calculation of Kmeiti3 S....................................................................................... 178

4.6.8 Checking salt effects on dye property...........................................................179

4.6.9 Programming code for the PCH analysis...................................................... 181

4.7 Reference....................................................................................................................189

CHAPTER 5. C onclu sion .........................................................................................193

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1

Introduction

1.1 BIOMOLECULE CONFORMATIONAL CHANGES

“Time never stops.” It is one of the most common truths that everyone 

understands from simple experience. In some aspect, it can be rephrased as, “Everything 

is changing.” Modem science shows that the more we view the world from a microscopic 

perspective, the more phenomena become dynamic. This dynamics is what controls the 

world surrounding us and sustains our biological systems. Understanding this dynamics 

on the microscopic level has been the main target of studies in all areas of physics, 

chemistry, and biology. This dissertation discusses an essential aspect of the dynamics in 

biological systems, namely conformational fluctuations o f biomolecules. These 

fluctuations originate from the spatial rearrangement of atoms in the molecule, and form
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many unique and different over all shapes, or conformations. The reconfigurations are 

known to be associated with particular properties that affect biological function, reactivity, 

transportation, assembly, tendency to aggregation, and potential cytotoxicity. These 

conformational changes are found in virtually every functional loci of biological 

processes. Protein folding is the most typical example of the dynamics. When DNA 

codes direct the generation of a protein during the translation process in a cell, the long 

sequence of the protein is somewhat like a random polymer chain. The chain folds 

quickly by itself, and then a unique conformation results from the self-assembly. This 

unique protein structure gives the essence of its biological function. Failure of the folding 

process may cause significant outcomes in the biological system. Recent studies show 

evidence relating mis-folding events to many kinds of genetic diseases such as 

Alzheimer’s disease, Bovine Spongiform Encephalopathy (BSE) known as Mad cow 

disease, Cystic fibrosis, etc. In order to find ways to treat such diseases, intensive efforts 

are focused on the study of protein folding problem. The story of protein folding has not 

yet led to treatments for the diseases involved, but this could happen in the near future 

with better understanding of how proteins fold. We can also find similar stories in the 

dynamics of ribozyme docking and undocking, and DNA/RNA hairpin opening and 

closing. Figure 1.1 shows time scales of some biological process involving fast 

conformational dynamics (from nano-seconds to milli-seconds).

Despite this long journey of research, we are still in the early stages of unraveling 

these fundamental phenomena. Atomistic molecular dynamics simulations currently can 

access only the early part of the processes (-10 ns). A recent theoretical technique called

2
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Figure 1.1 Examples o f fast conformational dynamics in biomolecules (i.e. protein 
folding) and their corresponding time scales
DNA hairpin folding and unfolding reaction shows micro-second time scale. Current 
molecular dynamics simulation approach can access to the early part of these dynamics 
(~10 ns) with atomistic details.
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distributed computing was developed for the study of much longer time process. Several 

promising results predicted the dynamic behaviors up to a few tens of microseconds 

based on the statistical interpretation of sampled data from large scale, parallel molecular 

dynamics simulations.[1-5] Experimentally, measuring the fast dynamics o f complex 

biomolecules has not been an easy task with conventional techniques, even in the view of 

the latest cutting edge technologies. In fact, various controversies on the thermodynamic 

and kinetic description for most biomolecule conformational changes still remain. 

However, knowledge of conformational dynamics might be the first step to be achieved 

for the complete understanding of the biomolecules ’ functioning and the purpose 

assigned to them by Mother Nature. This point of view originally motivated the research 

described in this dissertation. We designed a unique analytical tool for the approach 

toward biomolecule conformational dynamics and applied it for the study of a model 

system—the DNA hairpin folding and unfolding reaction.

1.2 CONFORMATIONAL DYNAMICS OF DNA HAIRPINS

1.2.1 DNA Hairpin Structure

In addition to the double helix structure deciphered by Crick and Watson in 1953, 

DNA has alternative structures containing certain order in local sequences. Some 

examples are slipped-strand DNA, left-handed Z-DNA, cruciform DNA (four-way 

junctions) and triple-stranded DNA. Localized unwinding of the DNA structures are 

commonly found in the functional center of many biological processes in the cell, such as 

replication, recombination[6], mutagenic events [7], DNA repair and transcription. This

4
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unwinding may occur as a result of local opening and closing of individual base-pairs,[8] 

or can be driven by DNA binding proteins, leading to the formation of single-stranded 

regions in the DNA structures. [9, 10] Hairpins are regions of unwound DNA forming 

irregular structures by base-pairing between neighboring self-complementary sequences. 

In general, DNA strands with self-complementary base sequences can form hairpin 

structures consisting of single stranded subsequences bounded by a stem containing 

contiguous complimentary base pairs.(Figure 1.2) Hairpin containing domains may play a 

significant role in control mechanism for gene expression. It has been shown that DNA 

hairpins can serve as intermediates in genetic recombination, [11-13] and as protein 

recognition sites, and can regulate transcription in vivo.[ 14, 15] The formation of hairpins 

and their involvement in biological processes is now well known in both prokaryotic and 

eukaryotic system. [14, 16-18] Recent biomedical researches shows that the formation of 

DNA hairpins by GC-rich triplet repeat and inordinate expansion of these triplets during 

DNA replication, leads to several genetic diseases such as myotonic dystrophy, a 

progressive neuromuscular disorder.[19, 20] Hairpins were also proposed as antisense 

drugs with high resistance to degradation by exonucleases.[21] Short hairpin structures 

are useful drug targets because their overall shape and geometry differ significantly from 

regular double-stranded DNA, and are used in hybridization studies to investigate the 

effect of secondary structure on probe hybridization. [22-25] Understanding the structural 

and dynamical aspects of how DNA hairpins fold and behave can be a starting point for 

detailed understanding the mechanism and control of various biological processes. This 

involves characterizing the stability and dynamics of such structures, and determining the

5
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Figure 1.2 A schematic description of DNA hairpin formation 
Simple DNA hairpin structure consists of single strands with self-complementary base 
sequences. Loop part is the stranded subsequences bounded by Stem, the contiguous 
base pairs. T_30 represent the thirty thymines in the loop. This structure has opening and 
closing dynamics with conformational changes.
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factors that affect their stability. Recent applications o f DNA hairpins in biosensor 

research using the concept of “molecular beacons” has

shown promising results. [26] Furthermore, the knowledge of the basic kinetics will 

answer many fundamental questions regarding the folding of larger RNA which is more 

complex and involves parallel pathways and kinetic traps.[27-32]

1.2.2. Fundamental Questions in Biological Processes

The folding and unfolding dynamics of DNA hairpin molecules has been 

investigated for more than thirty years. Along the way, comparisons have been made to 

the protein folding problem. One of the most fundamental questions that has been raised 

is: Why do proteins fold so fast?[33] This question is frequently referred to as Levinthal’s 

paradox. [34] In 1969, it was argued that it should take forever for proteins to fold if they 

randomly sampled all conformational space. For a simple example, let’s consider a very 

short protein chain consisting of 100 monomers. If each monomer has only two 

conformational states, then, the total number o f possible chain conformations would be 

2100. We can assume that the protein spends about 10 pico-seconds in the search of each 

chain conformation until it finds the native conformational state. In this scenario, the 

protein needs a folding time of 2100x 10 pico-seconds, which is much longer than the age 

of universe! In a general explanation to this paradox, scientists recognize that the 

conformational search for the native state of the protein is not random, but biased on a 

“funnel-like” energy landscape with a pronounced global minimum corresponding to the 

native state.[35-39] The folding process is accelerated on the free energy surface through 

cooperative interactions between monomers. Since larger molecules like proteins have

7
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many more vibrational motions available to them, they have various ways to scramble the 

energy, and do so on a faster time scale than small molecules. Zwanzig et al. showed that 

if  an energy penalty of the order of a few RbT  is imposed to break favorable native 

interactions, then the conformational search time can be reduced to biologically relevant 

times. [40]

This question is opposite to the one posed here in connection with the folding of 

DNA or RNA hairpins. Again, let’s consider a DNA hairpin consisting of about ten 

nucleotides as a semiflexible polymer chain. Theoretical models describing the 

characteristic time for two ends of the polymer chain to come into contact predict -40  

nano-seconds for the diffusion limited contact time.[41-43] However, hairpin closing 

times of ~10-/ts were reported experimentally, which is -250 times slower. It is well 

known that cyclization times for X DNA molecule with cohesive ends are also much 

longer than the end-to-end contact times for a semiflexible polymer chain.[44, 45] Thus, 

the question underlying the field of hairpin structure in single stranded polynucleotieds 

folding becomes: why do hairpins form  so slowly? Although this problem has been 

studied for decades, many of basic issues remain unresolved. In addition to the puzzles in 

the relaxation rate itself, the dependence on many basic physical parameters (i.e. loop 

size, loop sequence, temperature, solvent viscosity, molecular size) has not yet been 

addressed.

1.2.3 Experimental Observations

The biological functioning of DNA or RNA hairpin structure results from its 

conformational change. Recent investigation reveals the rapid reaction between folded

8
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and unfolded conformations due to the fluctuation of base pairing in the stem. Kinetic 

measurements on hairpin formation in single stranded polynucleotides provide insights 

into the conformational flexibility of these chains, and the nature and strength of the 

intrachain interactions. In this aspect, oligo-nucleotides that form hairpin structures in 

solution represent an ideal model system to investigate the nature of hairpin structure in 

polynucleotides, and to test our understanding of these structures. Experimentally, 

temperature jump (T-jump) is the traditional approach for the measurement.[46-55] The 

electrical pulses generated by discharging a capacitor were used to raise the temperature 

of sample on microsecond time scales. [5 6] From the relaxation data, e.g. rapid change of 

absorbance due to base stacking after the temperature jump, thermodynamic and kinetic 

information such as activation enthalpies and/or zipping rates were analyzed. [57] A 

modified T-jump technique with a coaxial cable capacitor has been used for some sub­

microsecond measurement. [51, 58] In recent years, a variety o f new experimental 

techniques, such as fluorescence correlation spectroscopy (FCS)[59-62], laser induced T- 

jump[63-67], and single-molecule techniques[68-70] have been used in the investigation 

of the hairpin kinetics. However, large variations in the measured parameters have been 

reported, and there are still many fundamental questions unresolved and still in debate. 

For example, the temperature dependence of the reaction rate provides information on the 

activation enthalpy of the reaction via Arrhenius analysis. The enthalpy of the transition 

state relative to the unfolded and folded states is essential for unraveling the mechanism 

and pathways for the transition. Activation enthalpies ranging from negative to positive 

values have been reported. For instance, an activation enthalpy of from +25 kcal/mol to 

+11 kcal/mol for A6CnU6 hairpin was reported in separate thermodynamics studies in

9
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1973[52, 71], while other group found -0  kcal/mol value for A4 GC5U4  hairpin.[50] 

Recent FCS studies found the value to be +5-15 kcal/mol for hairpins with loop size of 

8-30 bases.[59, 60] Laser induced T-jump measurements yield negative values o f -10-13 

kcal/mol for similar hairpins.[66, 67] So far, it is not clear whether the differences in the 

various sets of measurement are because of inherent differences in the data acquisition 

and analysis. Furthermore, recent observations of non-Arrhenius temperature dependence 

for the opening and closing rates,[61, 62] or evident deviations from an Arrehnius 

behavior [60] have added to the complexity of the data interpretation.

In contrast, microsecond DNA hairpin folding and unfolding reaction times have 

been reported consistently in recent laser T-jump and FCS experiments. Flowever, 

interestingly, data from single molecule spectroscopy based measurements showed much 

longer reaction times for similar sized hairpin structures.[69, 72, 73] About 140ms of 

closing time was reported in the single pair fluorescence resonance energy transfer 

(FRET) experiment and - I s  of folding time was observed from the single molecule 

extension measurement under mechanical force of -14  pN in the presence of 10 mM 

Mg2+. Although the authors attributed the long time scale to artificial effects under the 

experimental conditions, such as interaction of hairpin with the derivatized glass surface 

or presence of the applied force, an alternative interpretation for these observations will 

be reported here.(See Section 1.2.5)

1.2,4 Theoretical Descriptions

Small DNA hairpins are useful test systems for energy-based structure prediction 

algorithms, due to their small size and well-defined conformations.[74-78] These

10
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algorithms are widely used in predicting stable secondary structures for DNA and RNA 

molecules. The ability to predict the kinetics of these hairpins provides an additional 

constraint on the parameters that describe the nature of their free energies, along with 

corresponding energy surface and its roughness.[72, 79, 80] Hairpin structures also serve 

as testing grounds for the growing effort in molecular dynamics simulations of nucleic 

acids.[4, 5, 81-89] These computational studies suggest: (i) the hairpin folding process 

has a rugged energy landscape due to intrastrand interactions, such as non-native base- 

pairing, hydrogen bonding and base-stacking, (ii) most folding pathways lead to dead­

ends or ensembles of collapsed states with misfolded traps, and (iii) a distinctly non- 

Arrhenius temperature dependence for the closing rates. To date, these predictions are not 

fully consistent with experimental results. However, the observed deviation from the 

Arrehenius behavior in many experimental and theoretical studies indicate the 

complexities of the dynamics involved. [62] One way such deviations are observed is 

through stretched exponential relaxation of the folding reaction (See figure 1.3). [61, 62] 

Rather than being described with one typical relaxation rate constant, complex reactions 

can be analyzed as an ensemble of reactions involving with multiple reaction pathways. 

The energy surface along the reaction coordinate has a different degree of ruggedness 

determined by experimental conditions. In the analysis of biomolecule folding and 

unfolding reactions, possible interpretations of the stretched parameter, /?, is that 0 </? <  

1, with P  =0 corresponding to a completely random folding mechanism which is a 

continuous process on smooth energy surface, and ft «1 corresponding to normal two- 

state Arrhenius kinetics, with single discrete energy barrier.[61, 62] Intermediate Rvalues 

can indicate varying degrees of heterogeneity in the folding mechanism, which is the case

11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



O<0<1 0=1

>-
cn

4V

Reaction Coordinate

Figure 1.3 Schematic description of free energy landscape profile along with 
biomolecule folding and unfolding reaction coordinates
Different energy landscapes represent various degree of activation enthalpy, therefore 
different reaction mechanism. The values of stretched exponential parameter, 0, are 
interpreted with corresponding ruggedness of the energy surface.
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for most biomolecules. In this dissertation, we report the intermediate values of 

/?(~0.6) for our five base-paired hairpin systems, consistent with dynamic heterogeneity 

in the DNA hairpin-forming mechanism.

As described previously, the rate-determining step that defines the folding times 

for short DNA or RNA hairpins in solution is not completely understood. Various models 

have been proposed to explain the kinetics of DNA hairpin formation, starting from basic 

polymer chain theory for describing how two ends of a polymer come into contact. [41-43, 

90-92] In the case of hairpin formation in single stranded oligo-nucleotides, if  intrachain 

interactions are ignored and the chain is treated like an ideal semiflexible polymer, end to 

end contact times expected from purely entropic conformational search is only tens of 

nanoseconds. Yet, the observed reaction times for DNA hairpin formation occur on the 

microsecond to tens of microsecond time scale. Therefore, more complicate mechanisms 

including intrachain interaction have been considered. The so-called “zipper model” of 

DNA hairpin folding has recently been proposed,[57, 93] which accounts for the 

nucleation and zipping steps in the folding process. Each nucleotide in the stem exists in 

one of two possible states, base-paired or open, and all of the base pairs occur 

contiguously in a single region. Initiation of nucleation can occur at any point along the 

stem where one or more base-pairs form to stabilize the looped conformations. The 

formation of a nucleus with one or more base pairs results in an ensemble of partially 

folded conformation. The addition of another base-pair leads to rapid zipping of the stem. 

In an extension of the original scheme, transient trapping of the single stranded chain 

gives rise to non-native loops with mismatched stems, which do not lead to the complete 

zipping of the stem. Thus, DNA hairpin folding can be described as a slower process

13
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(micro-second time scale) than predicted from simple polymer chain dynamics. Several 

studies also proposed that the transient trapping in misfolded states can lead to non- 

Arrhenius behavior for the closing step.[66, 80, 94] However, force-extension 

measurements on polynucleotides have demonstrated that, under conditions of high ionic 

strength, intrachain interactions such as random base-pairing and intrastrand stacking 

interactions are non-negligible, and lead to significant deviations from the behavior 

expected for a semiflexible polymer. [69, 72] In comparison, the description of double­

stranded DNA as a semiflexible polymer chain has been demonstrated in many 

experimental approaches consistently. [95-97] Thus, theoretical explanation of this slow 

dynamics of the single stranded DNA hairpin is still not well established. The main goal 

of this dissertation is to contribute some insight to the problems of hairpin dynamics. For 

this, our efforts were focused on the development of a new fluorescence based analysis 

strategy for analyzing biomolecule folding and unfolding kinetics.

1.2.5 Alternative Scenario in DNA Hairpin Folding Process

In the description of the DNA hairpin folding reaction, from the unfolded 

conformation to a closed hairpin, the hairpin formation would require several attempts in 

which non-native interactions have to be broken until the correct nucleation occurs.[66, 

98] In many aspects, the reaction mechanism proposed in this dissertation is consistent 

with the model previously known as “zipper model with misfolded states”. However, 

rather than the misfolded state as transient trap, our analysis provides strong evidence for 

the existence of stable intermediate state in the DNA hairpin folding process. These 

stable intermediates may correspond to partially folded conformations with mismatched

14
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base pair(s) or collapsed states recently observed in molecular dynamics simulations of 

the hairpin folding process.[4, 5] We describe the hairpin formation process as rapid 

fluctuation between the unfolded, open chain conformation and the partially folded, 

intermediate state(s), followed by the slower folding reaction toward completely closed 

hairpin structure. This three-state mechanism supports our arguments that the micro­

second time scale reaction rates reported in previous experiments, such as laser T-jump 

spectroscopy and FCS, do not corresponding to the entire folding reaction. Rather, these 

experiments probe the rapid fluctuations in the early stages of the process. One 

interesting observation regarding this point of view can be found in the direct 

measurement of the zipping and unzipping rates, carried out using a sub-microsecond T- 

jump experiment. [51] Kinetic measurements carried out below the melting transition 

temperature on 14 to 18 base-pair poly(A):poly(U) dimers revealed two distinct processes, 

one occurring with a time constant o f about 0.2 /is and a much slower relaxation 

occurring with a time constant of a few seconds. In separate experiments, the same 

authors compared the estimated reaction enthalpy for forming the first base-pair of a 

A^CgUg hairpin with the activation enthalpy obtained from kinetics measurements.[52] 

They argued that a stable nucleus that leads to zipping occurs only after the formation of 

the fourth A-U base pair. Thus, more base pairs are required in first zipping step than 

suggested by the equilibrium zipper model. This lends support to the three-state 

mechanism proposed in this dissertation. Additionally, in early thermodynamic studies on 

X-DNA cyclization, the authors explained the much slower cyclization times by arguing 

that the rate-determining step in the joining of the two ends is not the diffusion limited 

time for contact formation, but the very slow chemical step of base-pair formation. [45]

15
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However, these ideas have not been supported widely in the study of hairpin folding 

dynamics. We envision that our observations can explain the experimental reports of 

slower reaction rates for the hairpin formation and resolve the discrepancies among 

various kinetics parameters that, in some cases, have existed in the literature for decades. 

We also hope the proposed three-state mechanism for the DNA hairpin folding process 

can provide a new insight toward development of a theoretical model describing this 

seemingly simple, but ever-complicate polymer chain behavior.

1.3 DISSERTATION SUMMARY

This dissertation is structured as follows. Chapter 2 introduces our new 

experimental approach, referred to as two-beam fluorescence fluctuation spectroscopy 

(2bFFS) for the dynamics study of biomolecules. This method was developed from the 

concept of fluorescence correlation spectroscopy (FCS). The background theory and its 

experimental realization are described. We also point out the motivation of 2bFFS 

approach especially for the study of biomolecule conformational dynamics under 

thermodynamic equilibrium. Chapter 3 addresses the kinetics measurements of DNA 

hairpin folding and unfolding reaction rates from the analysis of 2bFFS data. This 

analysis was based on the simultaneous measurements of auto- and cross-correlation of 

the fluorescence data. The equilibrium distribution in the reaction is discussed in Chapter

4. The combined approach of photon counting histogram with correlation analyses is 

described. Based on our observations, a three-state mechanism is proposed for the DNA 

hairpin formation. The mechanism provides an alternative interpretation for some
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controversial experimental reports and plausible explanation for the fundamental 

questions still in debate. Summary and future prospective of our approach is presented in 

Chapter 5.
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Chapter 2

F lu o rescen ce  Fluctuation S p e c tro sc o p y

2.1 BACKGROUND AND THEORY

2.1.1 Fluorescence Correlation Spectroscopy

2.1.1.1 Basic Concepts

In present work, we use the ultra-sensitive fluorescence based chemical analysis 

techniques known collectively as fluorescence fluctuation spectroscopy (FFS).[1] The 

most prominent example of FFS is fluorescence correlation spectroscopy (FCS), which 

was introduced as a way to non-invasively monitor the dynamics of chemically reacting 

system.[2-5] Beginning in 1972, Elson, Magde, and Webb published a series of papers 

describing a fluorescence-based analogue of Dynamic Light Scattering (DSL)[6 , 7], a
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commonly used technique for measuring solute diffusivities. The authors realized that 

using fluorescence measurements to analyze the particle motion imparts several key 

advantages over conventional DLS. Fluorescence is more chemically selective than light 

scattering and allows greater flexibility in studying the motion o f specific analytes. Also, 

fluorescence can be detected from molecules that are much too small to be detected by 

DLS, which allows one to characterize the motion of small molecules as well as large 

macromolecules. DSL is limited to measuring the diffusivities o f macromolecules greater 

than ~ lnm  in size. Finally, fluorescence analysis opens the way to characterizing 

chemically reacting systems. Chemical reactions generally do not create a large enough 

index of refraction change to be studied by DLS. Flowever, spontaneous chemical 

reactions can create fluctuations in the molecular diffusion properties and/or other 

fluorescence characteristics that could conceivably be analyzed via fluorescence 

detection with much greater sensitivity. FCS was accomplished by focusing an excitation 

laser beam into the analyte solution and then monitoring the fluorescence generated from 

the laser beam’s focal region.(See Figure 2.1) Diffusion of fluorophors into and out of the 

focal volume altered the local concentration of the fluorophors, giving rise to 

spontaneous fluorescence intensity fluctuations that could be analyzed using a statistical 

analysis technique referred to as autocorrelation analysis to characterize the time 

dependence of these fluctuations. In general, autocorrelation analysis measures the time 

dependence of a given set of measurement values, which in the case o f FCS refers to the
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Figure 2.1 Schematic description for the fluorescence fluctuation spectroscopy concept 
(Fluorescence auto correlation and photon counting histogram analyses are shown.) The 
laser beam is focused in the sample solution by confocal microscope objective. The size 
is less than 1 micrometers and the occupying volume is -lfem to  liter scale. The oval 
shape in this cartoon shows the laser focus. And a fluorescent molecule moving around it 
by diffusion is shown. The pathway of the molecule movement was generated by Monte 
Carlo simulation. Whenever the molecule is inside the laser focus which is called 
detection volume, gives off fluorescent light. Because, the molecules in solution moves in 
and out of the focus continuously, the fluctuation in fluorescence intensity is observed 
and recorded. The fluctuations at time t and time t  +  T are now correlated using Equation
(2.25) and produce the auto-correlation curve. The curve shows higher correlation at 
shorter time and decrease as time goes on. In other approach, the amplitude spectrum of 
fluorescence intensity is histogrammed. Fitting the photon counting histogram by a 
theoretical model such as Equation (2.32) provides information on the molecular 
brightness of the sample molecule as well as sample concentration.
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photocurrent (or photoelectron counts) from a photo-detector as function of time. FCS 

monitors and compares the fluorescence intensity, ( / ( 0 ) > measured at time t, with the 

intensity measured at a later time t  +  T, averaged over all values of t. this information is 

contained in an auto-correlation function, G(t).

where, T  is the total measurement time and r  is the lagtime. The autocorrelation function 

compares the fluorescence light intensity measured at time t, with the intensity measured 

at a later time, t + T. when r  is small compared to t, there is little time for the particle 

diffuse, giving rise to comparatively large values of G(f). As 7  increases relative to t, G(r) 

begins to decay, finally reaching a constant value at infinitely long lagtimes. The 

fluorescence intensity, I(t) is given by,

where, k is overall detection efficiency; / ex is excitation energy profile with the maximum 

amplitude Iq, S(r) is collection efficiency; a is molecular absorption cross-section; & is 

quantum yield; and C(r,t) is the local particle concentration at time t. In the our FCS 

optical set-up, the Equation (2.2) can be simplified by,

G (r) = l i m -  f I { t ) I { t + r) d t ^  + 5 1 +  S I ( t  +  T ) ^
T J  Jo (/(;)}2

G ( , ) - l = ( ^  + ̂

(2 .1)

(2.2)
V

(2.3)
v
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Here, e is the photon count rate per detected molecule per second, or called molecular 

brightness given by e=IoKO0.  W(r) is the spatial distribution of the laser focus given by 

the convolution of Iex(r) Ho and S(r), and can be approximated by a 3D-Gaussian function 

WG(r):

WG (f)  -  exp
f  2  2  2 \

* x + y  -2   — 2 —
2 2

V z o J
(2.4)

with the e focal radius in the radial dimension, coo, of the focal volume and the axial e 2 

radius, z0. In that case, the focal volume, VG, is defined by 

I j W ( r ) d v ) 2 ,
VG = ~ --------— — = 7T2O)0 z 0 (2.5)

° \ w ( r ) 2dV

Using these terms, the Equation (2.1) can be expressed as

 ̂ j j w ( r ) W ( r ') (S[s  • C(F,t)] 8 [e ■ C(r \ t  + r)]) dV dV ' 

[ \w{ r ) ( 8 [ s - C { r , t ) ] ) d v ) 2

If e is constant for a given system (be = 0), so that the changes in local concentration only

come from free diffusion of molecules in the solution, the concentration fluctuation

bC(r,t) can be derived by solving following diffusion equation.

dSCXr , t )
 t -  = D V  SCj(r, t )  (2.7)

ot

where, Dj is the diffusion coefficient of species j .  Equation (2.7) can be evaluated using 

the Fourier transform method. A derivation of corresponding correlation function, which 

assumes a single component solution and only considers diffusion within the laser beam, 

yields the equation:
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& ( ? ■ )  1 §  D i f f u s i o n ^ ) (2 .8)

where, /Cois the ratio of the radial and axial e 2 radii (xo = cdd/zq). We defined the diffusion

term as gD( r ) :

(2.9)

Note that according to Equation (2.8), g Dl[fmion ( t ) decays with r  from a maximum at r=  0. 

The amplitude of g Diffusion (r) depends on the average number of molecules, N, occupying 

the observation volume (i.e., the occupancy), and its width depends on t d , the average 

time it takes for a molecule to diffuse through the observation volume. The rate of decay 

of decay of G(r) vs. r  is characteristic of the diffusion rate of the particles, which , in turn, 

yields the diffusion coefficient, D. The relationship of td to the molecular diffusion 

coefficient is given by:

Knowledge of the diffusion coefficient gives rise to the effective hydrodynamic radius, 

Rh, of the particle, according to the Stokes-Einstein equation: 

k T
D = B (2.11)

67rriRH

where ks is the Boltzmann constant, T  is the temperature, and rj is the solvent viscosity. 

Hence, measuring the decay rate of G(j) vs. r  gives the diffusion coefficient of the 

analyte, and from thence, its molecular size. The case that will interest us here is where a
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small ligand molecule binds to a much larger receptor, thus reducing the diffusion 

coefficient of the ligand. If the ligand-receptor complex is stable on the time scale of its 

transit time through the detection region, then the auto-correlation function represents a 

linear combination o f two single-component auto-correlation functions, corresponding to 

the free and bound ligand:

G(t)~  1 = -^ ----- — 5------ . (2.12)
< / >

Here, i represents the free or the bound ligand, therefore, 6 , is the molecular brightness of 

species i (the average emission rate of a single molecule o f species i), and ( /)  is the time- 

averaged total signal intensity due to the total fluorescence plus the background signal. If 

the diffusion rates of the different species are sufficiently resolved, then the auto­

correlation function can be analyzed to determine the relative concentrations of bound 

and unbound ligand, providing a measure of the equilibrium binding constant.

Another important aspect of FCS is its ability to characterize chemically reacting 

systems. Spontaneous fluctuations in the local concentration o f an analyte can be caused 

by chemical reactions occurring under equilibrium conditions, as well as by molecular 

diffusion.(Figure 2.2) By characterizing these fluctuations, FCS can measure equilibrium 

constants and reaction rate parameters without the need to perturb the system equilibrium, 

Elson, Magde, and Webb derived auto-correlation functions for a number of different 

scenarios in which the local concentration of the analyte was fluctuating due to some type
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Figure 2.2 Schematic description for the examples of Dynamic processes which can be 
accessed by fluorescence correlation spectroscopy (FCS) and their corresponding time 
scales
The time scale in the conformational fluctuation of biomolecules is often overlapped with 
other process such as triplet blinking or translational diffusion of the molecules. 
Therefore, analysis of the coupled dynamics is difficult from one data set of auto 
correlation curve alone. In order to circumvent this problem, we developed a new 
approach presented in this dissertation.
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of spontaneous chemical reaction. If e is changes due to chemical reaction, 8C(r,t) is 

described by following differential equation.

dSC.(r, t )  

dt k=i

where, m is the total number of species participating in the chemical reaction and 

represents the matrix of the kinetic rate coefficients. For a simple reaction between two 

components, the corresponding correlation function can be expressed as following,

1 — P +  p<Wr/i>)
^ — = i + V " " ’ p - 14>

where, P  is an amplitude term which is a function of the relative fraction of each species 

and their molecular brightnesses and Tp is the relaxation time of the chemical process. 

Examples of these reactions are triplet blinking and biomolecule conformational change 

which is the main subject of this dissertation. When both diffusion and reaction process 

are coupled and involved in the fluctuation, 8C(r,t) is given by the combined form of 

Equation (2.7) and (2.13). However, in most case, each process covers different time 

scales, so that it is possible to separate the dynamic contributions.

G(t ) -1  = g Dlffusion (r) • g Reaction (t ) (2.15)

FCS experiments can be also performed under the condition of flowing solution 

such as electrophoretic flow or pressure-driven flow. The correlation function is derived 

by solving the governing hydrodynamic equations with appropriate boundary conditions.
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dSCj(r, t)
dt

= ~V(r)  ■ V SC.(r, t ) (2.16)

where, V(r) is the flow rate at the detection volume. In most situation, particle diffusion is 

coupled to the flow, so that 8C(r,t) is given by the combined form of Equation (2.7) and 

(2.16). The equations lead to a flow term, g Fa(r) ,  in the autocorrelation function:

§ F a ( T )  =  eXP
(V(r ) - r )2

= exp
(  \  

T
2

1

®o 2 ( 1 +  t / t d ) _ K T Fa { ( 1  +  t / t d ) j

(2.17)

where, rFa is the transit time of molecules across the detection volume with radius of coo- 

Flowing the sample through the excitation beam suppresses photobleaching problem 

especially under high laser power and provides fresh fluorophors into the excitation 

region faster than can be accomplished by diffusion only. When combined with 

electrophoretic flow, this technique can be used to characterize sample properties 

associated with the molecular charge.

2.1.1.2 Single Molecule Confocal Spectroscopy

Problems in the early development of FCS (i.e. high background noise which is 

mainly the scattered light from solvent, and poor efficiency in light collection and 

detection), have been overcome in recent years via the combination of FCS with single 

molecule confocal microscopy. Rigler and co-workers[8-12] and Zare and co- 

workers[13] demonstrated that confocal microscopy could be used to directly detect the 

fluorescence emitted by individual molecules as they diffused through the microscopic
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focal volume of the confocal microscope. This was an important extension of the original 

single molecule detection studies reported by Keller and co-workers.[14] The correlation 

function could be determined based on a relatively small number o f single molecule 

fluorescence signals, detected over a period of a few seconds.(Figure 2.3) FCS is 

normally done by focusing an excitation laser beam to its diffraction limit using a high 

numerical aperture (NA) microscope objective, positioning the focal region into the 

analyte solution, and monitoring the fluorescence generated from within the focal volume 

over time. The same objective lens also serves to collect fluorescence from the sample, an 

arrangement referred to as epi-illumination a small pinhole, positioned at the image plane 

of he objective (the position where the image comes into focus behind the rear aperture of 

the objective), acts as a spatial filter to block fluorescence generated outside the focal 

region from reaching the detector, thus ensuring that only the fluorescence generated 

within the focal region can be detected. The spatial distribution of the light intensity 

within the laser beam focus serves as the detection volume. The size of the detection 

volume can be estimated by assuming a cylindrically shaped focal volume with radius, coo, 

and height, 2 z0, where zo is the axial radius of the focal volume, coo and zo are related to 

the NA of the objective, the wavelength, X, of the excitation light, and the index of the 

refraction, n, of the sample medium according to the equations:

1.22/1 2 nX (2.18)
(NA)2

35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



GCO-l
0.8

0.6

0.4

0.2

0.0

10 Correlation ^fime^ms ) 10

,210'

Figure 2.3 Auto-correlation data from FCS measurement of ~ lnM  Rhodamine 6 G 
solution
Molecular process with time scale from 10 nano-second to 10 milli-second can be 
accessed by the correlation analysis.
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In an experiment that utilizes a 1.3 NA objective, a 514.5-nm laser beam as the excitation 

source, and an aqueous medium (n=1.33), the resulting detection volume is -0.3 

femtoliters (fl). This extremely small detection volume is important for several reasons. It 

suppresses the background noise caused by backscattering o f the excitation laser beam 

through Raleigh and Raman scattering processes; it enables optical excitation of the 

fluorophors to their saturation point using a modest average laser power (< 1 mW); it 

ensures that the number of fluorophors being probed at any given time is small; and it 

allows samples with extremely small volumes (microliters or less) to be analyzed.

Other aspects of confocal microscopy that are important for single molecule detection 

include the high collection efficiency of the objective lens (-25%  for a 1.3 NA oil- 

immersion objective), the high transmission efficiency of the optical components in the 

wavelength range of interest, and an efficient single photon counting detector. Modem 

single photon counting avalanche photodiode modules are able to detect visible photons 

with 30 to 70% quantum efficiency. All in all, collection/detection efficiencies of 5 to 

10% are attainable with modem confocal microscope setups. Considering that many 

fluorophors can emit up to 1 0 6 to 1 0 8 photons per second (prior to photobleaching) when 

pumped near their optical saturation point, this can lead to photodetection rates that 

exceed 1 0 5 photons per second per molecule, albeit over brief time periods.

Modem FFS takes advantage of the fact that dilute solutions (sub-nanomolar to sub­

micromolar) of fluorophors exhibit large amplitude fluorescence intensity fluctuations
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when probed by single molecule confocal microscopy. This allows the fluctuations to be 

characterized in a matter of seconds, rather than the tens of minutes to hours needed in 

the earlier days. Large amplitude fluctuations arise because the average number of 

fluorophors occupying the detection volume (i.e. the occupancy) is small compared to the 

deviation from the average at any given time. Random diffusion of fluorophors into and 

out of the detection volume ensures that the number of flurophors being probed is never 

the same from one moment to the next. Consider, for example, an analyte concentration 

of 1 nM. At this concentration, the average number of fluorophors within a 1-femtolitter 

detection volume is -0 .6  molecules. This means that, on average, the occupancy 

fluctuates between zero and one, corresponding to deviations from the mean occupancy 

of 0.6 and 0.4, respectively. If  the microscope is properly configured for single molecule 

detection, then the fluorescence signal will be characterized by “quiet” periods, during 

which only background noise is observed, punctuated by brief, intense “bursts” of signal, 

due to the passage of a single molecule through the detection volume (See Figure 2.4A). 

The durations of the bursts are characteristic of the diffusion rate of the molecules, with 

average burst durations typically ranging from a few tens o f microseconds to a few 

milliseconds, depending on the molecule’s diffusion rate.

At fluorophor concentrations between -10  and lOOnM, the number o f molecules 

occupying the detection volume, and hence, the fluorescence signal, varies about a 

certain mean value (See Figure 2.4 B). The fluorescence data collected under these
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Figure 2.4 Time dependent fluorescence photo count data and auto-correlation functions 
obtained from static solutions of Rodamine 6 G molecules being probed single molecule 
confocal fluorescence detection experiment, (a) Fluorescence data obtained from a dilute 
(sub-nM) solutions of fluorophors. Photon bursts from individual molecules are clearly 
resolved, (b) Fluorescence data obtained from a more concentrated (>10nM) solution of 
fluorophors. The solution is too concentrated for single molecule bursts to be clearly 
differentiated from the overall fluorescence, (c) Auto-correlation curves typical of a 
dilute solution (upper) and a more concentrated solution (lower). The solid diamonds are 
experimental data points, and the solid curves represent fits to a model equation.
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conditions is still representative of individual molecule transits even though more than 

one molecule is being probed at a time. The amplitude o f the autocorrelation function 

taken under these conditions will be reduced due to the inverse relationship with the 

occupancy number (Figure 2.4C). As the concentration is increased above -100 nM, the 

deviation in the occupancy becomes small compared to the average fluorescence signal, 

and the detector starts to reach its saturation point. This requires lowering the laser power, 

thus reducing the molecular brightness of the fluorophors. These two effects place an 

upper limit on the fluorophor concentration in FCS analysis. At the lower end of the 

concentration scale, the lengthy time interval between detected molecules becomes a 

limiting factor, as does background radiation coming from Raman scattering by the 

solvent. In general, FFS is useful for analyte concentrations in the range of -0.1 nM to 

-100 nM. It is sometimes possible to attain lower detection limits by rapidly scanning the 

focal volume of the laser beam relative to the sample (or vice versa). [15] This enlarges 

the effective detection volume, and, hence, the average molecular occupancy, without 

introducing unwanted background radiation.

2.1.1.3 Fluorescence Cross Correlation Spectroscopy

Diffusional FCS only works for assays that involve a larger change in molecular 

size. The bound complex needs to be on the order of - 8  times more massive than the free 

ligand. Otherwise, the different species are difficult to distinguish based on their diffusion
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times alone. Hence, there has been a strong motivation to develop alternative FFS 

strategies that are sensitive to other properties o f the system besides diffusion. One of 

such strategies is a FCS based technique using the concept of cross-correlation. Two- 

color fluorescence cross-correlation spectroscopy (2cFCCS) and two-beam fluorescence 

cross-correlation spectroscopy (2bFCCS) are two modes for the approach. In 2cFCCS the 

detection volume is formed by spatially overlapping two excitation laser beams, each 

operating at a different wavelength. [16-22] Two different dye molecules that absorb light 

in different spectral regions can both be excited within the same detection volume. 

Fluorescence generated in the detection volume is split into two different detection 

channels, each sensitive to the emission spectrum of one of the dyes. The signals from the 

two detectors are then subjected to cross-correlation analysis. Instead of comparing 

signals from the same detector at two different times, as in autocorrelation analysis, the 

comparison is made between the signals from detector 1 at time t and detector 2  at time t 

+ 7 . The cross-correlation function is then obtained by integrating over all values of t. 

Mathematically, this is expressed as:

G(t) = Urn ( W r r r ^ l t  = M M i d i  (2.19)
< ',) ( / ,)  h i ) ( a )

where ij and h  are the fluorescence signals from detectors 1 and 2, respectively. The key 

aspect of 2cFCCS is that contributions to the cross-correlation function only occur when 

both fluorophors are simultaneously present in the detection volume. This means that
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binding assays can be constructed in which each binding partner is labeled with a 

different fluorophor. The binding reaction creates a doubly labeled complex that can be 

detected via 2cFCCS, whereas the singly labeled unbound species make no contribution. 

By analogy, assays involving the decomposition of a doubly labeled molecule to form 

two singly labeled products can also be studied in this way. The assays do not depend on 

changes in molecular size, but only on the coincident detection o f both fluorophors. 

Another advantage over diffusional FCS is that the amplitude o f the correlation function, 

Gc(0), with the autocorrelation function amplitudes from each detection volume, (7/(0) 

and G2 (0), determined from the same data set, one can directly measure the concentration 

of the doubly labeled complex using:

C = -------------  (2.20)
*VG,(0)G2 (0)

where, C is the average concentration of the complex and Feff is the confocal detection 

volume.

The 2bFCCS technique was devised by using spatially separate laser beams to 

determine the transit times of individual molecules between the two beams.[23-26] (See 

Figure 2.5) In this approach, the focal regions are offset from each other by only a few 

micrometers distance, R, which enables the fluorescence from both focal regions to be 

collected by the same high efficiency objective. As in single-beam FCS, 2bFCCS has 

been used in the past to characterize the transport properties of single
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Figure 2.5 Schematic description for the geometry of detection volumes in the 2bFCCS 
experiment
Two identical laser beams are tightly focused in the solution and form Gaussian-like foci 
with lateral radius wq along coordinates of the molecule path, x. zo represents the longer 
axial radius. The two detection volumes are separated by R. In our experiments, wo was 
~0.3 micrometer and R was -5  micrometer.
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molecules in microstructured flow channels. Previously demonstrated advantages of this 

technique relative to single-beam FCS include the ability to measure slower flow 

velocities at higher precision, and to resolve the different components of a multi- 

component mixture based on their molecular transit time and direction.

The cross correlation function can be derived as same way as autocorrelation case.:

Gc (r)-1 = —
N v! + r/rD j

1
\ l / 2

\ + k0t/ td
exp

k V______________
ĉ 2 (1 +  t / td ) z 02 ( i  +  4 t / td )

(2 .21)

where, Vf) is the x- and y-  depending term of the flow velocity, which is separated from Vz, 

the z-depending term. tFc is the average time a molecule needs to travel from one 

detection volume to the other and thus, defined as zFc = R / V ( r ) . For the case of 

directional flow which is parallel to the axis between the two laser beams, the Equation

(2.21) can be reduced to:

Gc (r)-1 = •exp
f?2( l- r /rFc)

fi^2(l + r / r D)
(2 .22)

Here, we defined the flow term as g Fc(r):

g Fc(T) = exp
2 \

* 2(1 - t / t Fc)
®02(1 + V ^ )

(2.23)

This function rises to a maximum at r  = Tmax which is given by

T = ■ max t d  +
' F c

2td R j
+ T D + ' F c

i \22 Z ,, \ 2 'con

2td I  R j
+ TFc 1 +

2\
+ 2 t d t Fc

1/2

(2.24)
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and decreases again to zero for very high values of r. We can find that r max « t Fc and 

g Fc{z) ~ 1 in our experimental condition where R »  Uq. The cross correlation analysis 

gives essentially the same information about the molecular processes, such as diffusion, 

flow, and chemical reaction as autocorrelation analysis does. However, it should be noted 

that the cross correlation covers a much narrower range of time scale compared to the 

autocorrelation analysis.[27] (See Figure 2.6) This fact gives the possibility to exclude 

undesired process(es) that occur outside the time range under investigation. In Chapter 3, 

we demonstrate this advantage in the study of biomolecule conformational fluctuations, 

in which the time range is usually coupled with other processes such as triplet blinking 

and molecular diffusion.

2.1.1.4 Measuring Correlation Functions

In confocal microscopy based FCS, single photon counting methods are used to 

measure the autocorrelation function. Experimentally, this is accomplished by 

accumulating the detected photons into successive time bins o f duration At. The 

fluorescence intensity, I(t), at any given time is equivalent to the number of detected 

photons rii, divided by the time interval, At, corresponding to t = i At. The autocorrelation 

function for a given lagtime is calculated from Equation (2.25), after an appropriately 

large number of time intervals have been accumulated[28]:
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Figure 2.6 Cross-correlation data from 2bFCCS measurement o f ~5nM Rhodamine 6G 
labeled polynucleotides (40mer of poly-Thymine)
Theoretical model (solid line) fits the experimental data (dots) according to Equation 
(2 .22).
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Here, M  is the total number of time bins, and k  indicates the time interval corresponding 

to lagtime r  = kAl. In practice, it is often convenient to allow the lengths of the successive 

time intervals to vary. Photons are initially collected into time bins o f a few nanoseconds 

duration. Subsequent photons are then accumulated into time bins of increasingly longer 

durations ranging from tens of nanoseconds to seconds. This “m ultiple-/’ approach 

imparts sensitivity to fluctuations over a broad range of time scales (nanoseconds to tens 

of seconds) without requiring excessive data accumulations.

For cross correlation function[27],

where, 1 and 2 represent different detectors 1 and 2, such that n\(t) and ni(t+z) are the 

number of photocounts accumulated from detectors 1 and 2 at counting interval t and t+z, 

respectively. Gn{z)  and Gr\{z) are the “forward” and “reverse” cross-correlation 

functions of detector 1 relative to detector 2. In 2bFCCS, each function is only sensitive 

to molecules that flow in the one direction (i.e. forward direction, from focal region 1 to 

focal region 2 or opposite direction). In this way, 2bFCCS can resolve mixture of 

molecules flowing different direction.

j M - k

(2.26)
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2.1.2 Photon counting histogram

The photon counting histogram (PCH)[29], also referred to as the fluorescence 

intensity distribution analysis (FIDA)[30], is the latest development in FFS analysis, and 

perhaps the one that is currently experiencing the most widespread acceptance in many 

research areas. PCH was developed independently by Gratton and co-workers and Gall 

and co-workers in 1999. It is essentially a confocal microscopy based variation of a 

technique originally proposed by Qian and Elson in 1990 for analyzing the moments of 

the fluorescence intensity distribution in macroscopic sample volumes.[31, 32] PCH 

derives its chemical selectivity from differences in the molecular brightness, 6, defined in 

Equation (1.12), of the analyte molecules. Fluorescence emitted from the confocal 

detection volume is monitored by accumulating the detected photons into successive time 

bins of equal sampling time per bin. If the duration of each bin is much shorter than the 

diffusion time of the molecules through the detection volume, then each bin represents a 

snapshot of the fluorescence emitted from the molecules occupying the detection volume 

at that particular moment in time. The fluorescence data is histogrammmed according to 

the number of photons detected per sampling time.(Figure 2.7) The shape o f the 

histogram is a complicated function of the spatial distribution of the excitation/detection 

volume, the analyte concentration, and the molecular brightness of the analytes. The 

probability of
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Photon Counts
Figure 2.7 Normalized photon counting histogram data from PCH measurement of 
~5nM Rhodamine 6G labeled polynucleotides (40mer of poly-Thymine)
Theoretical model (solid line) fits the experimental data (dots) according to Equation 
(2.32). The photon counts represents the number of photons collected from sample within 
the time bin. In our experiments, 9-microsecond was used.
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detecting k photons (k  > 0) from one fluorescent molecule in a sufficiently large reference 

volume V0, is given by:

Pm (k\ V0, s') = —  JPoisson [k, s  ■ W (F)]dr (2.27)

where, Poisson(k, x) is the Poisson distribution that describes the probability of getting k 

photons when the average number of photons received is x:

k  - x

Poisson(k, x ) = X ^  (2.28)

Chen et al. proposed the PCH integration using the 3D-Gaussian approximation for W(r). 

Pg (*;v0 ’£)= ^ y 0 *0 f  r(k,se~lx2)dx (2.29)
K0/C.

where, y(k, x) is the incomplete gamma function given by [29]

[  tkAe-‘dt
y(k,x)  = —-----------  (2.30)

(fc-l)!

and, N  particle probability function can be derived by convoluting the one particle

probability function in N times:

p (N)(k;V0, s ) = (p il) ® p m ® -  ® p m ) (2.31)
' ----------------------------------- V----------------------------------- '

N

The photon counts probability describing a system consisting of one species is given by:

oo

P{k\N,e)  = ' £  p (N) (k; q, e) • Poisson(N, N )  (2.32)
N =0

and, that of a system consisting of multiple species is by the convolution approach:

P(k; N 1, s1, N2,£2-- ,Nn ,£n ) = P(k; N y S j ®  P(k ; N 2,e2)®---® P(k; N n , sn ) (2.33)
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Therefore, PCH can resolve multiple species in a mixture system based on their 

molecular brightnesses expressed in the distribution of fluorescence intensity amplitudes, 

while FCS analysis mainly depends on time-dependent fluctuation in the fluorescence 

intensity. Due to this aspect, FCS and PCH provide complementary information for the 

target system.

Several variations of PCH have been developed that enhance its chemical 

selectivity even further. For example, multiple distributions can be obtained by analyzing 

the photocount data using varying sampling times. Molecular diffusion causes the shape 

of the distribution to depend on the sampling time. This effect is ignored in conventional 

PCH by making the sampling time so small that the molecular motion is essentially 

frozen in time during each sampling interval. By characterizing the sampling time 

dependence over a large time scale (micro-seconds to milliseconds), one extracts the 

diffusion rates of the analytes in addition to their molecular brightness values. This is 

referred to as photon counting multiple histograms (PCMH)[33] and also as fluorescence 

intensity multiple distribution analysis (FIMDA)[34], Another alternative is dual-color 

PCH[35]. The approach is based on same concept as two-dimensional FIDA (2d- 

FIDA)[36]. In these methods, the fluorescence is monitored on two detectors, each 

sensitive to different emission wavelengths or to orthogonal emission polarizations. A 

two-dimensional histogram is constructed according to the number o f detected photons 

per bin for each detection channel. The shape of the histogram depends not only on the
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analyte concentrations and molecular brightness values, but also on the emission 

wavelengths of the fluorophors or their rotational anisotropies, depending on whether the 

two detection channels are differentiated according to wavelength or polarization. Finally, 

fluorescence intensity and lifetime distribution analysis (FILDA) combines the molecular 

brightness information with the fluorescence lifetimes of the analytes[37]. The 

fluorescence is excited using a pulsed laser source, and each detected photon is recorded 

along with the elapsed time between the excitation pulse and the time of detection. The 

data is histogrammed according to the number of photons per bin and the sum of elapsed 

times for each bin. The resulting histogram reveals the concentrations, molecular 

brightness values, and fluorescence lifetimes of each analyte. FILDA is conceptually 

similar to a related technique developed by Seidel and co-workers, referred to as burst 

integrated fluorescence lifetime (BIFL) analysis[38-40]. In short, PCH based methods 

have been devised as powerful tool that can exploit differences in a variety of 

fluorescence characteristics. The PCH analysis has been applied mostly to the study of 

binding of ligands to their receptors because the binding event creates an enormous 

difference between the brightness of the bound complex and that of the free ligands, 

making it easy to discriminate the bound complex. In Chapter 4, we present for the first 

time, its application to the study of biomolecule conformational fluctuation between 

different species, which causes the changes of molecular brightness.
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FFS is influencing many areas of research such as the characterization of photo­

physical and photochemical processes, biomolecular conformational dynamics, 

adsorption/desorption and molecular diffusion at solid-liquid interfaces and biological 

membranes; molecular flow profiling in microfluidics devices; multicomponent 

elecrophoretic analysis; and intracellular molecular dynamics and imaging. In many of 

these examples, FFS is providing crucial new insight into the nature o f the system that 

would be difficult or impossible to attain in any other way.

As you can see in the following Chapters, all the work presented in this 

dissertation are based on the our effort to develop an FFS-based analysis strategy for 

analyzing biomolecule conformational dynamics, such as folding and unfolding, which 

can extract all the relevant information from a single set o f fluorescence data, obtained 

from the molecule of interest alone. This approach shows high information content in 

single molecule level, under the condition of thermodynamics equilibrium, high precision 

of the measured parameters, and high temporal resolution.

2.2 INSTRUMENTATION

2.2.1 Capillary Preparation

Our two beam FFS experiments were performed by focusing two laser beams at 

the center of capillary. By pressurizing solution along the capillary, target molecules can
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flow from the first laser beam to the second laser beam. A square bore fused silica 

capillary (Polymicro, Phoenix, AZ) with 50pm-inner-diameter was chosen so that the two 

laser focal regions could be positioned at the center of capillary internal space with 

minimal inhomogeneous flow profile and beam distortion. We found that these problems 

are significant in circular capillary set up, especially at higher flow rates. A small section 

of the outer polyimide coating was dissolved in concentrated sulfuric acid at 75°C to 

create a transparent window for the laser focusing. The outer diameter of the capillary 

was around 400 pm. Therefore, the beam path through capillary glass is comparable to 

the conventional micro-glass slide which has -170 pm thickness. To prevent sample 

adsorption to the capillary walls, the interior wall of the capillary was coated with 

poly(vinyl acohol) (PVA, Mw ~4x l04g/mol, Sigma) according to the procedure of Beider 

et al. [41] A clean, 60 cm long capillary was filled with an acidified aqueous 

glutaraldehyde (Fisher, Houston, TX) in 800 pL of 0.5 M hydrochloric acid 

(Mallinckrodt, Hazelwood, MO). The filling can be confirmed by checking solution 

acidity with pH-indication paper. A plug of 2.5 wt % PVA in 0.6 M hydrochloric acid 

was injected into the glutaraldehyde-filled capillary using 0.5 MPa of nitrogen gas for 10 

seconds. The immobilization of the polymer on the capillary surface can be achieved by 

fast cross-linking reaction of PVA with glutaraldehyde, the cross-linking agent. The 

capillary was then emptied and dried with continuous N2 gas flow for -4  hours, after 

which it was ready for use. Capillary cleaning was accomplished by rinsing with a mild
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surfactant and a blank buffer solution prior to use. The PVA-coated capillary is placed 

onto flat glass slide using optical glue which needs UV light exposing. The angle 

between excitation laser light path and capillary surface is critical for the FFS experiment 

and should be perpendicular so that beam distortion can be minimized. It can be easily 

checked by monitoring change of beam shape along the capillary surface. Any change in 

the shape results from tilted surface relative to the beam path.

2.2.2 Optical Setup

The experimental setups used for present studies(See Figure 2.8) were modified 

from our two-beam fluorescence cross-correlation spectroscopy/ capillary electrophoresis 

experiment. [42] The micro-tube containing sample solution was placed inside a gas 

chamber connected to N 2 gas tank. The sample solutions were flowed continuously 

through the capillary by pressurizing the capillary inlet with N 2 gas. A pneumatic 

pressure regulator (Fairchild Model 81, Winston-Salem, NC) held the pressure of the N 2 

gas constant. The sample flow can also be generated by applying high electric field in the 

same manner as the capillary electrophoresis experiments use. Fluorescence Rhodamine 

6-Green (R6G) fluorescent dye. The laser beam was expanded and collimated by a 4x 

telescope, split, and then recombined into two nearly parallel beams by two 50/50 

beam splitters (Newport, Irvine, CA.). The laser power of each beam was equalized using 

the appropriate absorptive neutral density filters (Newport). A laser power o f ~ 100-pW
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Figure 2.8 Schematic representation of the two- beam FCS experiment 
The optical setup was designed to position the two laser beams in the center of the 
squared capillary, separated by a distance of R. The sample solution flows through the 
capillary under applied gas pressure. Fluorescence from each laser focal volume is 
collected and used for the correlation analyses.
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measurements were performed using a home-built single molecule confocal fluorescence 

microscope. A 514.5 nm cw laser beam from an air-cooled, Ar+laser 

(Omnichrome/Melles-Griot, Carlsbad, CA) was used as the excitation source for the per 

beam was chosen to offer the best compromise between maximum signal-to-noise ratio, 

and minimum interference from photo-driven processes {i.e., singlet to triplet intersystem 

crossing). The laser beams were prefocused by a 150-mm focal length spherical lens; 

reflected by a 530-nm long pass dichroic beam splitter (CVI, Albuquerque, NM); and 

focused into the capillary by a 100x 1.25 NA oil immersion microscope objective 

(Edmund Industrial Optics, Barrington, NJ). The distance between the focal lens and 

back aperture of microscope objective determine the size o f laser focus at the sample 

solution. The longer distance provides a bigger detection volume. The back aperture 

should be underfilled by the laser beam in order to avoid severe deviation of laser focus 

from idea Gaussian beam profile. However, overfilling provides smaller detection 

volume which can achieve better signal to ratio in general. We adjusted the distance so 

that about 85% of the aperture area is filled with excitation beam. Fluorescence from 

each focal region was collected through the same objective and imaged onto the apertures 

of two 50-pm-core-diameter multimode optical fibers or pinholes positioned at the image 

plane of the objective. It provides axial resolution by rejecting out-of-focus light. The 

output of the fibers was band-pass filtered (550DF30, Chroma, Brattleboro, VT) and
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focused onto the active areas of two single-photon-counting avalanche photodiode 

detectors (PerkinElmer Optoelectronics, model SPCM-AQR-14,Wellesley, MA).

The two laser beams formed nearly identical diffraction-limited focal regions, 

positioned near the center of the inner capillary space (-25 -pm from the inner surfaces), 

separated along the axial dimension of the capillary by a distance, R. From 

autocorrelation analysis o f a standard R6G solution, the e 2 focal radius in the radial 

dimension, coo, of the focal volume was determined to be ~ 0.3 pm. The ratio of the radial 

and axial e 2 radii {kq=coqIzo, where z0 is the axial radius) was also determined, and found 

to be -  0.1. The separation distance, R, between the two foci was determined by cross­

correlation analysis of the same sample and found to be - 5 -pm. The interbeam distance 

can be adjusted by changing the angle of beam splitters used for splitting the original 

excitation laser beam into two. If the distance becomes very small (i.e. R < 1-pm ), the 

overlap between the individual molecular detection efficiencies increases. This results in 

an increase of the probability that a photon from the detection volume one, V\, arrives at 

detector 2 and vice versa. In the case of cross-correlation, this is equivalent to an 

autocorrelation, since the correlated photons originated from the same volume element. 

With smaller diameter of pinhole or fiber optics, the pseudo-autocorrelation effects can 

be minimized, but the overall collection efficiency would be poorer. If  the distance 

becomes very large (i.e. R > 10-pm ), the signal to noise ratio is too low due to the loss of 

correlation between fluorescence signals collected from individual molecule at two
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detection volumes. In other words, most of the molecules passing the first detection 

volume diffuse out of the flow path, so that they can not reach into the second detection 

volume. Also, some parts of the laser beam are cropped by an optical path. The position 

of the laser beam foci relative to the inner surface of the capillary was reproducibly 

controlled using a sub-micrometer resolution differential micrometer (Newport) mounted 

on the z-axis of the sample stage. Additionally, a precision rotation stage (Newport) was 

mounted on the sample stage to allow adjustment of the flow axis relative to the axis 

defined by the position of the two laser beams. The optimum position of the two laser 

beam foci relative to the z-position of the capillary and the flow axis could be confirmed 

by cross-correlation analysis. The fastest correlation peak position and highest peak 

amplitude is the general indication for the optimum position. Also the symmetry in the 

peak shape is achieved from well aligned setup. The quality of laser alignment was 

monitored by checking the shape o f fluorescence light reflected from an additional mirror 

positioned before the detectors. The entire experiment was placed inside an enclosure to 

block stray laser light. All experiments were carried out at an ambient temperature of 

~19°C.

2.2.3 Data Acquisition

The photocounts from the two detectors (detectors 1 and 2) were recorded using 

the two channels of a 800-MHz gated photon counter (PMS-400, Becker & Hickl GmbH,
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Berlin, Germany), interfaced to a Pentium computer. A sampling time of1-ps per 

sampling interval was used for each channel. A LabView (National Instruments, Austin, 

TX) computer program, written in-house, was used to perform real-time correlation 

analysis on the detected photons as they were being accumulated. The program 

simultaneously calculated a set of four normalized correlation functions, as well as a 

photon counting histogram. The present study only reports our analysis of the correlation 

functions, which were obtained using the following set of equations:

where, I and m represent detectors 1 and 2. M is the total number of sampling intervals 

per scan for each detector, k is the number of sampling intervals corresponding to lagtime 

t, and n i( t) and n m( t + r) are the number of photocounts accumulated from detectors 1 and 

m at counting interval t and t + r , respectively. G n (r)  and G ^G ) are the autocorrelation 

functions for each individual detector. With careful equalization o f the laser power in 

each beam, and careful adjustment of the optical alignment, the two autocorrelation 

functions are identical within experimental error. Gn{z) and G2 \(t) are the “forward” and 

“reverse” cross-correlation functions of detector 1 relative to detector 2. The cross­

correlation functions are calculated after first re-binning the accumulated photocounts 

into 9-ps sampling intervals to achieve improved signal-to-noise ratio. Gn{z) is only

 ̂ M - k

(2.34)
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sensitive to molecules that flow in the forward direction, from focal region 1 to focal 

region 2; whereas, G2 i(r) only analyzes molecules flowing in the opposite direction. For 

all the experiments reported here, the flow takes place in the forward direction. Hence, 

only is analyzed. All correlation functions were calculated using the “multiple-r” 

concept, in which the intervals between successive lagtimes increase as the lagtime 

increases. The lagtime can start from 50 ns and cover up to 1 second. The correlation 

functions were calculated for successive scans of 65,536 sampling intervals each. The 

rebinned photocounts of 9-gs sampling intervals were also used to construct photon 

counting histograms. The histograms obtained from each detection channel were identical 

within experimental error. The user interface of the LabView program continuously 

displays a running average of the correlation functions and the cumulative histograms. In 

most experiments, the final set of correlation functions represent averages o f -1500 scans, 

corresponding to a total data accumulation time of -100-s. There is another panel 

displaying the real-time fluorescence signal intensity. By monitoring the stability of the 

intensity time trace during the experiment, any artificial effects (i.e. surface interaction of 

sample, photobleaching, etc.) can be checked.

2.3 Conformational Fluctuation Represented by Fluorescence Fluctuation

In this section, we point out the motivation o f the 2bFFS based approach for the 

study of biomolecule conformational dynamics. As described previously, fluorescence
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correlation spectroscopy (FCS) is a technique for analyzing the spontaneous fluctuations 

in the fluorescence signal arising from a microscopic subvolume of a fluorescent 

sample.[43-49] FCS measures a temporal correlation function that depends on the time- 

dependent molecular processes giving rise to the observed fluctuations. In principle, the 

correlation function can be analyzed to determine accurate values for the relaxation times 

associated with the different fluctuation process. The time resolution can range from the 

low nanoseconds to many milliseconds. Some examples of the types of molecular 

processes studied include hydrodynamic processes, such as translational[50] and 

rotational[51] diffusion, laminar flow,[45, 52-54] and electrophoretic flow;[42, 55-57] 

chemical and biochemical processes, such as enzymatic activity; [5 8] biophysical 

processes, such as biomolecule conformational fluctuations;[59-65] and photodynamic 

processes, such as photochemical isomerization[66] and triplet intersystem crossing.[67] 

FCS is advantageous because of its ability to characterize these processes non-invasively, 

under conditions of thermodynamic equilibrium. The measurements are carried out in situ. 

Macroscopic perturbation of the system equilibrium to establish a start time for the 

reaction is not required. This is a key advantage over traditional reaction rate analysis 

techniques such as Temperature jump (T-jump), Rapid mixing, Fluorescence Recovery 

After Photobleaching (FRAP), as well as Laser induced T-jump spectroscopy. It will 

become increasingly important as FCS becomes more widely used to study molecular 

processes in the cellular environment.[68-71] Reactions taking place in cells are often
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coupled to an extremely complex series of chemical processes. Macroscopic perturbation 

of such a highly coupled system can lead to a complex relaxation process that would be 

difficult or impossible to analyze. In addition to the problem, it is highly difficult to 

predict the process in near minimum of the free energy surface, based on the observation 

under different physical conditions (i.e. temperature) (See Figure 2.9) NMR relaxation 

methods, though they do not require perturbation o f the system, currently lack the 

sensitivity and spatial resolution for single cell analysis. Therefore, FCS and related 

techniques offer the best hope for directly observing biochemical and biophysical 

processes as they are happening inside the cell.

Difficulties with FCS analysis arise, however, when multiple processes are 

occurring simultaneously in the same system, especially when the relaxation times of the 

different processes occur on similar time scales. This is often the case when studying the 

conformational fluctuations of freely diffusing biomolecules. Conformational 

transformations of a biomolecule give rise to fluorescence intensity fluctuations when the 

internal molecular motion is coupled to quenching of a dye molecule, or to fluorescence 

resonance energy transfer (FRET) between donor and acceptor molecules attached to 

specific regions o f the biomolecule. The resulting correlation function thus contains 

fluctuation contributions characterized by a diffiisional relaxation time, td, and a 

relaxation time for conformational fluctuations, Tr . Except when t d  »  t r , the two 

parameters will be strongly coupled, such that statistically accurate determination of one
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Figure 2.9 Schematic representation of free energy surfaces along with reaction 
coordinate at various temperature conditions
Under different conditions such as experimental temperature, the reaction of even 
identical molecules can not be described by same scenario. For complicate system like 
biomolecule conformational change, perturbation given to the system may cause 
significant changes on the energy landscape and lead unpredicted behaviors in the 
reaction. Therefore equilibrium approach such as FCS would be much more preferred.
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parameter requires independent determination of the other. The usual way of decoupling 

the different relaxation times is to design a control molecule that is either missing the 

quencher or FRET acceptor, or for which the folding and unfolding process is 

suppressed.[59, 62-64] FCS analysis of the control molecule gives an independent 

measure of t d , which then constrains the correlation function for the molecule of interest, 

thereby allowing the determination of t r . There are several disadvantages to this 

approach, aside from the ever-present possibility of being misled by the assumptions 

being made about the nature o f the control molecule. For example, the td  parameter is 

related to the decay rate of the correlation function, but not the correlation amplitude, 

which relates to with analyte concentrations. We have found that maximum precision is 

achieved only when both r^and the correlation amplitude are properly constrained. (See 

Supple. Info, in Chpater 3) But the amplitude is very difficult to constrain when 

analyzing different samples separately. Unless the relative concentrations of the control 

molecule and the molecule of interest are known precisely— a very difficult proposition 

when dealing with the extremely low concentrations normally encountered in FCS 

analysis, and especially, when working in the cellular environment—there is no way to 

constrain the amplitudes with enough precision from an independent measurement of the 

control molecule. One way o f getting around this problem is to simply divide out the 

measured correlation function of the control molecule, without regard for the 

concentration differences. But in so doing, one sacrifices the physically relevant
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information contained in the correlation amplitudes (i.e. the concentration, the 

equilibrium distribution, and the fluorescence intensity information). Finally, if  the 

ultimate goal is to carry out these types of measurements in the cellular environment, it 

becomes difficult to imagine how this would be done using the control molecule 

technique. It would be much more desirable to extract all the relevant information about 

the dynamic processes of the molecule of interest from a single set of fluorescence 

intensity measurements, obtained from the sample of interest alone.

Klenerman and co-workers have devised FCS-based analysis techniques that 

overcome the aforementioned problems in many situations.[60, 61, 65] In one application, 

the authors used two-color measurements to analyze the anticorrelated fluorescence 

fluctuations from two different fluorophors attached to a DNA hairpin molecule as they 

interacted via FRET.[60, 61] The resulting proximity ratio autocorrelation function 

characterized the relaxation of the FRET efficiency, independent of molecular diffusion. 

This method is useful when the fluorophors interact via FRET. It does not apply to dye- 

quencher interactions. FRET, though widely used, is not without complications, and is, 

thus, not always the preferred mechanism for reporting dynamic motion of biomolecules. 

There are many situations where it would be preferable to analyze a fluorophor-quencher 

type interaction. For example, if the donor and acceptor molecules come too close 

together, rather than experiencing maximum FRET efficiency, they can often simply 

quench each other. Also, FRET occurs over a fairly broad range of molecular distances,
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whereas, quenching interactions are often restricted to direct orbital overlap o f the 

fluorophor and quencher. This can provide greater specificity in honing in on selected 

molecular contacts.[72] Finally, there are several examples of nucleotide bases, amino 

acid residues, and other naturally occurring chemical functional groups that can serve as 

natural fluorescence quenchers,[73, 74] which could be used to advantage in designing 

fluorescent labeling strategies.

In a more recent study, Klenerman and co-workers extended the dual color 

correlation analysis strategy to include the characterization of dye-quencher 

interactions.[65] Intensity ratios from two non-interacting fluorophors, which nonetheless 

undergo independent quenching and unquenching interactions with different functional 

groups on the biomolecule of interest, were analyzed. This technique is referred to as 

ratiometric autocorrelation analysis. Proximity ratio and ratiometric fluorescence 

autocorrelation analysis have been applied to the folding and unfolding kinetics of DNA 

hairpin molecules and other nucleic acid constructs. The absence of a diffusion 

contribution allowed direct measurement of the parameters associated with non­

exponential relaxation of the folding and unfolding reaction. However, these techniques 

only apply to molecules that can be appropriately labeled with FRET pairs, or with non­

interacting pairs of dyes. They do not apply to fluctuations caused by the interaction of a 

single dye-quencher pair.
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Another related technique for direct observation folding and unfolding processes 

is to analyze the time-dependent fluorescence emission from individual isolated 

molecules.[75-79] There are many examples where this approach has been used 

successfully. Folding and unfolding reactions have been characterized for individual 

molecules tethered to a surface, confined in a vesicle, or even freely diffusing in aqueous 

solution. [63, 80] One of the main limitations of this approach lies in its low temporal 

resolution. Because of detector dark counts, shot noise, and other sources of background 

interference, the fluorescence photocounts must be accumulated in sufficiently long 

sampling intervals in order to observe the intensity fluctuations caused by conformational 

changes. The minimum sampling times are typically tens to hundreds of microseconds 

for most of these experiments. If the relaxation process is occurring on a time scale 

similar to or less than the sampling interval, the single molecule analysis will have an 

inherent bias towards events taking place on a much longer time scale than the average 

relaxation time, making it impossible to measure the relaxation time with precision. 

Correlation analysis analyzes photons accumulated from many single molecule events 

over a time scale much longer than the measurement time for any one molecule and thus 

achieves high temporal resolution by averaging many events. In principle, temporal 

resolution in the low nanoseconds can be achieved, ultimately limited by the fluorescence 

lifetime of the fluorophors. [81] The ability to resolve heterogeneity at the single molecule 

level is, unfortunately, sacrificed. But the advantage of obtaining ensemble averaged
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kinetics information with excellent temporal resolution and without perturbing the system 

is retained.

Our goal has been to develop an FCS-based analysis strategy for analyzing 

biomolecule folding and unfolding kinetics that can extract all the relevant dynamics 

information from a single set of fluorescence data, obtained from the molecule of interest 

alone. We have strived for high information content, high precision of the measured 

parameters, and high temporal resolution. We also desire a technique that is as effective 

at analyzing fluorophor-quencher fluctuations as it is at analyzing changes in FRET 

efficiency. Our approach is to detect fluorescence from molecules as they flow 

sequentially between two spatially offset laser probe volumes. The fluorescence from 

each probe volume is imaged onto separate detectors, and the detected photocounts are 

analyzed simultaneously from three different vantage points— cross-correlation analysis 

of the two detection channels relative to each other, autocorrelation analysis of the two 

detection channels independently, and photon counting histogram (PCH) analysis. We 

show that the cross-correlation function characterizes the hydrodynamic properties (flow 

rate and diffusion rate) of the molecules under study, as well as the correlation amplitude, 

independent of conformational fluctuations. These parameters can then be used to 

constrain the measured autocorrelation function, from which precise measurements of the 

folding and unfolding kinetics are obtained. The relevant kinetic parameters include the 

relaxation time, t r , an amplitude term, Beq, which depends on the equilibrium distribution
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and the emission intensities of the folded and unfolded molecules, and a “stretch” 

parameter,/?, which characterizes the degree of heterogeneity in the reaction mechanism. 

In the Chapter 3, our works investigating the ability of the PCH analysis to resolve the 

equilibrium distribution of folded and unfolded conformations are discussed. To 

demonstrate these principles, we analyzed the folding and unfolding kinetics of single­

stranded DNA oligonucleotides that form a stem-loop DNA hairpin structure shown in 

Figure 1.2. Dynamic equilibrium between the folded and unfolded conformations is 

monitored by way of quenching and unquenching of a dye and a quencher attached to 

either end o f the DNA strand. Assuming two state mechanism for the reaction, our 

measurements of the relaxation times of the different sized hairpins are complimentary to 

previous studies on similar systems. In particular, we found evidence for non-exponential 

relaxation, consistent with the expectation that DNA hairpin formation occurs via a 

heterogenous reaction mechanism. However, we found the reaction should be described 

by a three-state mechanism which contains a stable intermediate state along the reaction 

paths. The DNA hairpin folding mechanism is thought to involve a rapid equilibrium 

between open and intermediate configurations, and a much slower formation of the fully 

folded stem-loop hairpin. Hence, we describe a DNA hairpin reaction that is even more 

complex and more drawn out than previously thought.
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Chapter 3

Folding and  Unfolding Kinetics of DNA Hairpins

This chapter describes our 2bFFS approach for the kinetics study o f the DNA 

hairpin folding and unfolding reaction as model system. Dynamic equilibrium between 

the folded and unfolded conformations of single stranded DNA hairpin molecules 

containing polythymine hairpin loops was investigated using simultaneous two-beam 

fluorescence cross-correlation spectroscopy and single beam autocorrelation 

spectroscopy. The hairpins were end-labeled with a fluorescent dye and a quencher, such 

that folding and unfolding of the DNA hairpin primary structure caused the dye 

fluorescence to fluctuate on the same characteristic time scale as the folding and 

unfolding reaction. These fluctuations were observed as the molecules flowed 

sequentially between two spatially offset, microscopic detection volumes. Cross­

correlation analysis of fluorescence from the two detection volumes revealed the
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translational diffusion and flow properties o f the hairpins, as well as the average 

molecular occupancy of the two volumes. Autocorrelation analysis o f the fluorescence 

from the individual detection volumes revealed the kinetics o f hairpin folding and 

unfolding, with the parameters relating to diffusion, flow, and molecular occupancy 

constrained to the values determined from the cross-correlation analysis. This allowed 

unambiguous characterization of the folding and unfolding kinetics, without the need to 

determine the hydrodynamic properties by analyzing a separate control sample. The 

analysis revealed nonexponential relaxation kinetics and DNA size-dependent folding 

times characteristic of dynamic heterogeneity in the DNA hairpin-forming mechanism.

3.1 INTRODUCTION

As described in previous chapter, conformational fluctuations of biomolecules (i.e. 

folding and unfolding) play a critical role in their functioning. Due to the complexities in 

their biological behavior, a non-invasive and unperturbed approach should have many 

advantages for the study of biomolecular dynamics. Laser induced temperature jump 

spectroscopy and fluorescence recovery after photobleaching (FRAP) technique are two 

of the perturbation methods. [1-4] However, any perturbation to the complicated system 

can leads unpredictable condition which can not be monitored or controlled easily. And 

the interpretation of the experimental results becomes difficult or arbitrary. Fluorescence 

correlation spectroscopy (FCS) is proven to be an efficient technique for characterizing 

many types of molecular processes non-invasively, under conditions of thermodynamic 

equilibrium. [5-7] It analyzes the spontaneous fluctuations in the fluorescence signal
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arising from a microscopic subvolume o f a fluorescent sample. The measurements are 

carried out in situ. Macroscopic perturbation of the system equilibrium to establish a start 

time for the reaction is not required. Difficulties with FCS analysis arise, however, when 

multiple processes are occurring simultaneously in the same system, especially when the 

relaxation times of the different processes occur on similar time scales. This is often the 

case when studying the conformational fluctuations of freely diffusing biomolecules. The 

resulting correlation function thus contains fluctuation contributions characterized by a 

diffusional relaxation time, t d , and a relaxation time for conformational fluctuations, t r . 

The usual way of decoupling the different relaxation times is to design a control molecule 

that gives an independent measure of Td, which then constrains the correlation function 

for the molecule of interest, thereby allowing the determination of r^.[8, 9] There are 

several disadvantages to this approach, including the ever-present possibility of false 

assumptions about the nature of the control molecule. Furthermore, if  the ultimate goal is 

to perform these types of measurements in the cellular environment, it would be much 

more desirable to extract all the relevant information about the dynamic processes of the 

molecule o f interest from a single set of fluorescence intensity measurements obtained 

from the sample of interest alone. With this in mind, we developed a new approach: an 

FCS-based analysis strategy for analyzing biomolecule folding and unfolding kinetics. 

The approach is to detect fluorescence from molecules as they flow sequentially between 

two spatially offset laser probe volumes. The fluorescence from each probe volume is 

imaged onto separate detectors, and the detected photocounts are analyzed 

simultaneously from three different vantage points: cross-correlation analysis of the two 

detection channels relative to each other, independent autocorrelation analysis of the two
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detection channels, and photon counting histogram (PCH) analysis.[10-12] Cross­

correlation analysis of fluorescence from the two detection volumes reveals the transport 

properties o f the molecules, as well as the average molecular occupancy of the two 

volumes. Autocorrelation analysis of the fluorescence from the individual detection 

volumes then reveals the relaxation rate o f the fluctuations. Finally, the photon counting 

histogram analysis, which distinguishes molecular species by differences of their 

molecular brightness, reveals the equilibrium distribution o f the different conformers.

This multi-parameter approach allows all the relevant dynamics information to be 

extracted from a single set of fluorescence intensity fluctuation measurements, 

eliminating the need for separate measurements on control molecules. For the proof of 

principle, we have investigated the dynamics of DNA hairpin conformational fluctuations 

represented as in Figure 3.1. (J. Phys. Chem. 2005, 109, 3648).

3.2 EXPERIMENTAL SECTION

3.2.1 Sample Preparation

HPLC purified fluorescently labeled DNA samples were purchased from Qiagen 

(Alameda, CA). Two different DNA hairpin samples were analyzed. Each hairpin 

consisted o f a five base-pair stem, with the complimentary sequences 5’-AACCC and 

GGGTT-3’, and a loop containing 21 and 30 deoxythymine residues, respectively. The 

hairpins are identified as hp-T2 i and hp-T3o. They were dual-labeled with Rhodamine 6G 

(R6G) and 4-{[4-(dimethylamino) phenyl] axo} benzoic acid (dabcyl) at the 5’ and 3’ 

ends, respectively.(Figure 3.1.) The sequence of hp-T2 i and hp-T3o were, thus,
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Figure 3.1 The schematic description for the conformational fluctuation of a stem-loop 
DNA hairpin (hp-Tn) between closed and open states with the characteristic opening rates, 
kop and closing rate, kci. F and Q are the fluorophor (R6G) and its quencher (dabcyl), 
labeled at the each ends of the hairpin stem, respectively. The hairpin fluoresces in the 
open state, while the fluorescence is quenched by the quencher in the close state.
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5’-R6G-AACCC-(T)2 i-GGGTT-dabcyl-3’ and 5’-R6G-AACCC-(T)3o-GGGTT-dabcyl-3’, 

respectively. Dabcyl serves as an efficient quencher of R6G fluorescence when the DNA 

hairpins are in their folded conformations. We also examined a poly(dT)4 o 

oligonucleotide labeled at the 5’ end with R6G for comparison purposes. ~5-10-nM DNA 

solutions were prepared in a pH -8 .0  buffer solution containing 100-mM NaCl, 2.5-mM 

Tris-HCl, and 250-pM EDTA. We also found use of poly(vinylpyrrolidone) (0.028 wt% 

in solution, Mw -106 g/mol, Sigma, St. Louis, MO) as dynamic capillary coating 

material help preventing the interaction between DNA and glass wall such as capillary 

interior. [13]

3.2.2 Temperature Dependent Fluorescence Analysis

The quality of the hairpin samples was confirmed by monitoring the fluorescence 

intensities at the temperatures varying from 5°C to 80°C, on a steady state flourometer 

(Model ATF 105, AVIV Instrument, Inc. Lakewood, NJ) (Figure 3.2). The sample was 

excited at 515 nm and fluorescence signal was collected at 565 nm. The resulting melting 

curves were analyzed to evaluate the equilibrium constants, according to

where 7(7) is the fluorescence intensity maximum at temperature 7. In this equation, we 

assumed the reaction occurs between two states, open and closed hairpin states. The 

fraction of open state, AT),can be assessed directly by monitoring the fluorescence 7(7):

7(80 ° C ) -7(7) (3.1)
7 (7 )-7 (5  °C)

(3.2)
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Figure 3.2 Melting profiles of hp-T2i (•)  and hp-T3o( A ) from fluorescence intensity 
measurements at temperatures varying from 5°C to 80°C .
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where I0 is the fluorescence of the open state and 7C is the fluorescence of the closed state. 

We evaluated Io as the fluorescence at 80°C and Ic at 5°C. The equilibrium constant K(T) 

=AT)/[1-/(T)] gives the ratio of the chemical rate constants o f opening and closing of the 

hairpin structure. [9]

K (T ) J c l o Sed] = K JX )
[open] kcl(T)

3.2.3 Instrumentation

The experimental setup was previously described in Chapter 2. (See Figure 2.8) 

Briefly, the sample solutions were flowed continuously through the capillary by 

pressurizing the capillary inlet with N 2 gas. A 514.5 nm cw laser beam from an air-cooled, 

Ar+ laser (Omnichrome/Melles-Griot, Carlsbad, CA) was used as the excitation source for 

the R6G labeled DNA molecules. A laser power of ~140-pW per beam was found to 

offer the best compromise between maximum signal-to-noise ratio, and minimum 

interference from photo-driven processes (i.e., singlet to triplet intersystem crossing). 

Fluorescence from each focal region was collected through the same objective and 

imaged onto the apertures of two 50-pm-core-diameter multimode optical fibers 

(Thorlabs, Newton, NJ) positioned at the image plane of the objective. The two laser 

beams formed nearly identical diffraction-limited focal regions, positioned near the 

center of the inner capillary space (~25-pm from the inner surfaces), separated along the 

axial dimension of the capillary by a distance, R. From autocorrelation analysis o f a 

standard R6G solution, the e focal radius in the radial dimension, coo, of the focal 

volume was determined to be 0.306±0.092 pm. The ratio of the radial and axial e~ radii
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{ko=cdqIz$, where zq is the axial radius) was also determined, and found to be 0.104±0.002. 

The separation distance, R, between the two foci was determined by cross-correlation 

analysis of the same sample and found to be 2.26 ±0.07-pm. All experiments were 

carried out at an ambient temperature of 19°C.

3.2.4 Data Analysis

Analysis of the experimental correlation functions was carried out using a least- 

squares fitting routine from the MatLab Optimization Toolbox (Mathworks, Natick, MA). 

Different model equations described in following section were used to characterize the 

correlation information. The residuals from the least-squares fitting routines are 

calculated to evaluate the fitting quality. The 95% confidence intervals for the fitted 

parameters were determined using the MatLab Statistics Toolbox.

3.3 ANALYSIS AND RESULTS

3.3.1 Theory

The measured auto- and cross-correlation functions for the DNA hairpin samples 

contain information about the time-dependent fluorescence intensity fluctuations 

measured at the two detection volumes (Figure 3.3). These fluctuations are caused by 

diffusion and unidirectional flow, which alter the number of molecules entering and 

exiting the probe volumes[9, 14]; folding and unfolding dynamics of the hairpin, which 

alters the energy transfer efficiency between the dye and the quencher, and, hence, the 

fluorescence intensity of the dye[8, 9]; and “triplet blinking,” which also alters the dye
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laser focus 2 laser focus 1

Figure 3.3 Schematic description for the DNA hairpin folding and unfolding reaction 
inside capillary positioning two laser beam
As flowing along the capillary, the molecule is passing through the laser beams, first laser 
focus 1, then, laser focus 2. The conformation of hairpin is fluctuating between its open 
form and closed form. Fluctuations of fluorescence signal in each detector result from the 
conformational dynamics as well as transport behavior of the molecules.
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intensity by placing the dye in a non-radiative triplet state. [15] A derivation of the 

theoretical forward cross-correlation function, Gc(z), that accounts for all these types of 

intensity fluctuations gives the equation: [16]

Gc(r)-1 = —
N k I +  t / t d J  

1

\ l / 2

1 + k0 t/ td

f  r i r  \1 - T  + Te*1*' 

v ,

(
l-B+Be'

1 - B
exp

1 + r/rD

= ~ g D {T)sT(j)SRij)gFc (r)

(3-4)

where

^ ( r ) = f 1 1
f  \  

1
[ l  + r / rD J

1/2

1 - T eq

S r G )  =
1 - B  + Be

1 -5

r  ,.2

■ = i + V

and gFc (r) = exp
v

r (1 - t/ tf ) 
1 + r / r D

(3.5)

(3.6)

(3.7)

(3.8)

Here, N  is the average number of molecules occupying one of the focal volumes (the 

occupancy); td is the average transit time of molecules through one o f the focal volumes 

due to translational diffusion; r is the ratio R/coo', tf is the average transit time for the 

molecules to flow between the two focal volumes, given by R/Vx, where Vx is the linear 

flow velocity of the analyte solution; T  is the quantum yield, which we have defined 

Tcq - T / {  1 -  T) and tt is a time constant for population and depopulation of the non-

fluorescent triplet state; B  is an amplitude factor that depends on the equilibrium
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distribution of the folded and unfolded DNA hairpins, K, and their relative fluorescence 

intensities, Q, according to [16]

B̂ - K
1 - Q (3.9)

1+ KQ,

where, tr is the relaxation time of the folding and unfolding reaction, and (3 is the stretch 

parameter. [17] Equation (3.4) assumes the flow axis is parallel to the axis between the 

two laser beam foci, and that the flow velocity is uniform across the axial and radial 

dimensions of the focal volume. These conditions are well satisfied when the focal 

volumes are centered inside the capillary, near the maximum of the parabolic flow 

velocity profile of the solution, and when slow to moderate flow velocities (millimeters 

per second to tens of millimeters per second) are used.

Gc(r) is a pseudo-Gaussian shaped peak that rises to a maximum near z =zy. This 

is in contrast to the autocorrelation function which decays from a maximum value at z = 

0. In the cross-correlation function, the hydrodynamic parameters relating to translational 

diffusion and uniform translation are effectively decoupled, allowing them to be 

determined independently. Such would not be the case for a single beam autocorrelation 

analysis. In the cross-correlation function, the peak position is characteristic of zy, while 

the peak dispersion is characterized by the r and td terms. Finally, the peak amplitude is 

approximately ( y N ) g D(zF)gT(zF)gR(zF) . The amplitude is referred to as the “degree of

correlation”. (See Suppl. Info.) It is inversely related to the number of molecules detected 

by detector 1 that are subsequently detected at detector 2. It decreases with increasing 

diffusion rate, for example, because the faster the diffusion, the more molecules diffuse 

out of the beam path before they reach the second detection volume.
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Under our experimental conditions, the value of tf can be varied between ~30-ps 

and ~2-ms by adjusting the flow velocity of the analyte solution. For most of the 

experiments reported here, tf was kept between 1- and 2-ms. zy, on the other hand, is on 

the order of only a few microseconds for the R6G fluorophor. Since z y »  zy, the gzfzy) 

contribution to the cross-correlation amplitude reduces to 1 for all values o f zy. The 

triplet blinking rate is so much faster than the transit time between the two laser beams 

that the molecules have time to blink on and off many times while they flow between 

beams. Hence, the triplet fluctuations measured at the two detection regions are 

essentially uncorrelated with respect to each other.

Similarly, under conditions where zy »  zy, gn( tf ) makes a negligible 

contribution to the degree of correlation. This is demonstrated in Figure 3.4, which shows 

a series of theoretical cross-correlation functions calculated using Equation (3.4). zy 

ranges from ~45-ps to ~l-m s. The set correlation functions depicted as solid bold lines 

represent control a DNA molecule that has the same diffusion and flow properties as the 

hairpin DNA, but does not exhibit conformational fluctuations. The only contribution to 

the cross-correlation peak amplitudes come from i} /N } g D{zF) . The correlation

functions depicted as dashed and solid lines represent DNA hairpin molecules with zy 

values of 50- and 150-ps, respectively. Note that when zy is greater than ~500-ps, the 

cross-correlation functions for the control and hairpin DNA samples are virtually 

indistinguishable. As with triplet blinking, there is effectively no correlation of the 

conformational fluctuations between the two detection channels under these conditions. 

At shorter zy, enhancement of the cross-correlation amplitudes for the DNA hairpins 

begins to appear, which becomes more apparent as zy decreases. Under these conditions,
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Figure 3.4 (A) A series of theoretical cross-correlation functions calculated using 
Equation (3.4) with varying tf. The solid bold curves represent a DNA sample which 
does not exhibit conformational fluctuations. The dotted curves and the thin solid curves 
represent hairpin DNA samples with T r=  150 ps and T r=  50 ps, respectively. (B) 
Experimental cross correlation functions measured for poly(dT)4 o (solid squares 
connected by dotted curves) and hp-T30 (open squares connected by solid curves) samples.
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correlation of the conformational fluctuations between detection channels becomes more 

and more appreciable. These qualitative trends are borne out by the experimental data 

presented in Figure 3.4B, which compares the cross correlation functions measured for a 

poly(dT)4o control DNA sample with the hp-T3o sample over a range of flow velocities. 

As expected, at transit times above ~500-ps, there is no measurable difference in the 

degree of correlation of the two samples.

The conclusion drawn from the preceding discussion is that by judicious selection 

of the flow velocity and/or the distance between focal regions, one can attain conditions 

where triplet blinking and conformational fluctuations o f the DNA hairpins make a 

negligible contribution to the cross-correlation functions. Hence, the following simplified 

version of Equation (3.4) can be used to analyze the experimental data:

r 2 ( l - T / T F fr , V  V/2 r
Gc{ f) - \  = a

1 1 exp (3.10)

where a is defined as 1/A. This analysis establishes the values of a, r, td, and tf for 

subsequent analysis of the autocorrelation function obtained from the same set of data. 

The parameter Ko was held fixed to the value determined from autocorrelation analysis of 

a standard R6G solution in all data analysis procedures. Adjustment of this parameter was 

found to make a negligible contribution to the values of the other fitted parameters in 

both the auto- and cross-correlation analyses.

Equation (3.11) represents the theoretical autocorrelation function, G a ( t) , for 

molecules undergoing diffusion, flow, triplet blinking, and conformational fluctuations:
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GA( r ) - l  = a

^  + TI TD j y Y +  K-0 Tl TD )  ^  l - l  ^  1 - - D j  ^ - ^ I  +  r /1

(3.11)

From the definitions o f r  and tf ,  the substitution Vx = roj0 / z F can be made. Equation

(3.11) then becomes:

> ,1/2

l + Beqe ^ exp
1 + r/r.D

GA( T ) - l  = a - --------r — -  ( l  + Teqe~TlTA

(3.12)

In summary, our analysis consists o f measuring a, r, xD, and Tf by fitting the measured 

cross-correlation functions to Equation (3.10). The autocorrelation functions are then 

fitted to Equation (3.12) with the aforementioned parameters constrained. In this way, Teq, 

tt, Beq, tr, and /? are determined by varying these parameters while fitting the 

autocorrelation function.

3.3.2 Analysis of the Cross-Correlation Functions

Figure 3.5 displays representative auto- and cross-correlation functions obtained 

for nanomolar solutions of poly(dT)4o (Figure 3.5A), hp-T2i (Figure 3.5B), and hp-T3o 

(Figure 3.5C). The insets show the experimental cross-correlation functions, along with 

results of fitting the experimental data to Equation (3.10). The parameters a, r, td, and tf 

obtained from these fits, along with their standard errors, are shown in Table 3.1. All the 

parameters were well determined from the fitting procedure. The parameter, r, was found 

to be within experimental error of the ratio R/coo obtained from FCS analysis of a 

standard R6G solution.
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Figure 3.5 The experimental auto-correlation data (black dots) and fitting curves using 
our models for a poly(dT)4 o (A), a hp-T2i(B), and a hp-T3 o(C) DNA sample. (Insets show 
corresponding cross correlation data and fitting curves.) Red colored curves are 
calculated autocorrelation functions obtained from the parameters(a, r, Zd, and t f ) ,  

determined from the cross-correlation analysis. Green colored curves fit the data by a 
‘triplet model,’ which excludes the gn(z) contribution from the Equation (3.12). The 
experimental data also were analyzed by fitting to Equation (3.12), with a single 
exponential decay model (blue), and non-exponential decay model (violet). The residuals 
from the least-squares fitting routines are shown at the bottom. The color scheme for the 
residual plots is the same as the one used for the autocorrelation functions. The fitted 
parameters are shown in Table 1.
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The td parameters can be used to predict the diffusion coefficients, D, of the 

DNA molecules using D -  co02 j  Atd . For the poly(dT)4o molecule, we obtain 

Z)poiy(dT)40 =6.12(±0.74)x 1 0 7 cm2/s. This can be compared to fluorescence recovery after

photobleaching measurements carried out by Nkobo et al. to determine the diffusion 

coefficients of various sized single stranded DNA molecules. [18] According to these 

measurements, a 40-oligo single stranded DNA molecule is expected to have a diffusion 

coefficient of ~7.1(±0.6)X1(T7 cm2/s under similar solvent conditions. The agreement 

with our measurement, though imperfect, is still within reason.

For the hairpin DNA molecules, the diffusion coefficients were determined to be 

A iP-t21 =8.83(±1.08)xl0 7 cm2/s and Dhp-X30 = 7 . 0 8 ( ± 0 . 7 9 ) x 10  7 cm2/s from the cross­

correlation analysis. The diffusion coefficient of hp-T3o can be directly compared to that 

of poly(dT)40, since these molecules contain the same number o f nucleotide base residues. 

There is a noticeable (~15-%) enhancement of ,Dhp_x.ro relative to £>poly(dT)4o, which may

indicate a greater tendency of the DNA hairpins to exhibit a more compact, rapidly 

diffusing conformation. Although the statistical relevance o f this enhancement is 

somewhat marginal, it may be taken as an estimate for the difference in diffusion 

coefficient between the DNA hairpins in their folded and unfolded conformations. It is 

important to note that Equations (3.4) and (3.12) were derived assuming the diffusion 

coefficients of the folded and unfolded hairpins were equivalent. However, a ~15-% 

difference in the diffusion coefficients of the two species is small enough that it will 

likely constitute only a minor perturbation to the correlation analysis, and will not likely 

affect the outcome of our measured parameters in any significant way. This issue is 

currently being investigated in our laboratory.
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We can also compare the measured diffusion coefficients of the different sized 

DNA hairpins. Nkobo et al. reported a scaling law for relating the diffusion coefficient of 

single stranded DNA to the number of nucleotide base residues, M. They found that D 

scales as A/^0'68*0 03̂ ^ ]  Accordingly, Dhp_X2i /D hp.j3o is predicted to be 1.19±0.01,

assuming this scaling law holds for hairpin DNA. Our measurements give a ratio of 

1.25+0.17, which agrees with the predicted value within experimental error. Hence, the 

smaller DNA hairpin was found to diffuse at a faster rate than the larger DNA hairpin in 

a manner consistent with previous studies on the diffusivity o f single stranded DNA. In 

summary, we may conclude that our analysis of the cross-correlation functions 

successfully provides physically relevant information about the hydrodynamic properties 

of the molecules under study.

3.3.3 Analysis of the Autocorrelation Functions

We now turn to the analysis of the experimentally determined autocorrelation 

functions. The red curves overlaying the experimental data in Figure 3.5 are calculated 

autocorrelation functions based on the parameters a, r, r* and tf , that were determined 

from cross-correlation analysis of the same data. These idealized correlation functions 

assume no contribution from triplet blinking or conformational dynamics. They were 

calculated from Equation (3.12), with the parameters Teq and Beq set to zero. Essentially, 

they represent what the autocorrelation functions would look like for each sample if 

diffusion and flow were the only processes contributing to the fluorescence fluctuations. 

The deviation of the experimental measurements from these idealized correlation
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functions thus reveal the extent to which other fluctuation processes (i.e. triplet blinking 

and conformational dynamics) are contributing to the actual autocorrelation functions.

For the poly(dT)40 sample, the idealized autocorrelation function strongly 

overlaps the experimental data for lagtimes above ~30-ps. This is further indication that 

the parameters determined from the cross-correlation analysis well represent the 

molecular processes occurring at time scales ranging from tens to hundreds of 

microseconds for this sample. However, at shorter lagtimes, the experimental data deviate 

from the calculated correlation function, and this deviation becomes increasingly 

pronounced as the lagtimes decrease. We attribute this deviation to triplet blinking, since 

poly(dT)40 is not expected to undergo any other processes that would significantly alter 

the fluorescence intensity of the R6G label. We have analyzed the autocorrelation data 

from the poly(dT)4o by fitting to a modified version of Equation (3.12) for which the 

parameter Beq in g«(r) is set to zero. This form of the autocorrelation function is referred 

to as the triplet model. As before, a, r, zD, and zf were constrained to the values 

determined from the cross-correlation analysis. The fitting of the data was accomplished 

by varying Teq and zj  alone. The results are presented in Table 3.1 and shown graphically 

as the solid green curve in Figure 3.5A. The values thus obtained (zy= 9.4 ±1.1 -ps, and 

Teq = 0.587 ±0.004) are larger than expected for the R6G fluorophore by a factor of ~2. 

Analysis of a standard R6G solution under identical conditions gave rise to corresponding 

zj and Teq values of 4.53 ±0.97 ps and 0.234 ±0.028, respectively. This latter set of values 

is consistent with previous FCS studies on the triplet intersystem crossing dynamics of 

R6G in aqueous solution. [19] We, therefore, conclude that the values reported in Table 

3.1 for zj and Teq of poly(dT)4o are the ones best supported by our data. It is possible that
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the R6G label is interacting with the single-stranded DNA in a way that somehow 

stabilizes the triplet state of the fluorophor.

The experimental autocorrelation functions for the hp-T2i and hp-T3 o samples 

deviate much more strikingly from the idealized ones than does the poly(dT)4 o 

autocorrelation function. This can be seen graphically in Figure 3.6. Here, the residuals 

VGAMzATi ) - GA w A Ti)’ where (ucaicXt/) and G^.exp/h) are the calculated and

experimental autocorrelation data points at each r=  r,] of the idealized and experimental 

autocorrelation functions for all three DNA samples are plotted. The residuals obtained 

from fitting the poly(dT)4 o data to the triplet model are also shown for comparison (grey 

dots). For the hp-T2i sample, the idealized correlation function fits the experimental data 

reasonably well at lagtimes above ~70-ps; whereas, for hp-T30, a reasonable fit is 

achieved only after ~100-ps. Clearly there are other fluctuation processes occurring in the 

DNA hairpin samples which broaden the observed autocorrelation functions from where 

they would be if diffusion, flow, and triplet blinking were the only contributing factors. 

Furthermore, the broadening is more pronounced for hp-T30 than for hp-T2i. To 

emphasize these points, we attempted to fit the hairpin DNA data to the same triplet 

model used for fitting the poly(dT)4 o sample. We constrained z j  for the DNA hairpins to 

be within a factor of ~2 of the corresponding value determined for poly(dT)4 o. We then 

allowed rT and Teq to vary within that constraint. The resulting best fits are displayed as 

solid green curves in Figures 3.5B and 3.5C. The poor quality of these fits shows that the 

triplet model, by itself, is inadequate to explain the deviation o f the experimental 

autocorrelation functions from the idealized ones for these DNA hairpin samples.
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Figure 3.6 Residuals from the analysis in Figure 3.5, comparing the experimental 
autocorrelation functions with the idealized autocorrelation functions calculated from the 
cross-correlation parameters (a, r, m, and z>-). The deviation o f hp-T2 i (open squares), and 
hp-T3 o (filled squares) correlation functions are attributed to conformational fluctuations 
and triplet blinking. The deviation of the poly(dT)40 data (plus signs) is attributed to 
triplet blinking. The residuals obtained from fitting the poly(dT)4o data to the triplet 
model are also shown for comparison (small dots). The inset displays the residual plots 
on a linear time scale.

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The enhanced broadening of the experimental autocorrelation functions for the 

DNA hairpin samples is attributed to folding and unfolding kinetics of the DNA hairpin 

structure. To characterize these effects, the experimental autocorrelation functions for the 

DNA hairpin samples were analyzed by fitting to Equation (3.12), while adjusting the 

parameters Teq, zy, Beq, t r , and /3. The parameters a, r, rp, and t f  were constrained to the 

values determined from the cross-correlation analysis. The fitted curves are shown 

graphically in Figures 3.5B and 3.5C, and the fitted parameters are presented in Table 3.1. 

Two sets of parameters are presented—one with (3 constrained to a value of one, and one 

with /? as a free floating parameter. For the latter set of parameters, mean relaxation times, 

( tr ), for the folding and unfolding reaction were calculated using

Inclusion of the [3 parameter resulted in an improved overall precision of the fitted curves 

to the experimental data as is evident for the lower standard deviations o f the 

nonexponential fitting procedures.

The kinetics of DNA hairpin formation has been studied rather extensively. Some 

of the most recent experimental studies are those of Libchaber and co-workers, [20, 21] 

Klenerman and co-workers,[22-24], and Ansari and co-workers.[1-3] Also, a study on the 

kinetics of end-to-end contact formation in non-hairpin forming single-stranded DNA 

was recently reported that has strong implications for understanding the mechanism of

(3.13)

where r(/? 1) is the gamma function. All parameters were well determined in both fits.

3.4 DISCUSSION
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Table 1. Param eters from FCS A nalysis3,15

poly(dT)40 hp-T21 hp-T3o

Cross Correlation Analysis

7 F (m s ) 1.311 (12) 1.299 (13) 1.268(13)

r 7.61 (22) 7.90 (31) 7.77 (39)

N ef f ° 8.92 (53) 9.49 (57) 9.44 (57)

7 d ( p s ) 3 8 3 (3 1 ) 266 (16) 332 (22)

Standard errord 6.84 x io -4 6.92 x-kT1 7.28 x io -4

Auto Correaltion Analysis

Exponential5 Non-exponential Exponential5 Non-Exponential

T T (us) 9.4 (1.1) 3.95 (69) 2.91 (98) 4 .9 4 (7 8 ) 3 .62 (91 )

T eq 0.587 (41) 0.293 (62) 0.306 (92) 0 .346 (46) 0.329 (96)

B 0.603 (18) 0.689 (78) 0.754 (30) 0.82 (12)

7 R (ps ) 5 1 .3 (3 .1 ) 4 5 .5 (8 .7 ) 102 .7 (9 .2 ) 121(19)

0 .7 2 (1 4 ) 0 .67(12)

<  T R >  (ps) 56 (1 7 ) 159 (43)

Standard errord 2.54 x10'3 2.55 x10‘3 2.51 x10‘3 2 .5 7 x 1 0‘3 2.44 x1 O'3

Equilbrium Distribution Analysis0

Exponential5 Non-exponential Exponential5 Non-exponentialf

K eq 28.4 (2.8) 22.5 (2.0)

Q 0.156 (22) 0.153 (26)

7 op (m s ) 1.49 (17) 1.64 (5 2 / 2.08 (26) 3.73 (97)f

7 cl 0*s) 53.1 (3.2) 5 8 (1 6 / 108.0 (9.6) 166 (4 5 /

a Parameters are corresponding to the fitting analysis in Figure 5 . b Values in parentheses are
uncertainties (confidence interval) in the last d ig its.c N eff is the effective value of occupancy, and is equal

to a'1. d Standard errors from each curve fitting are estimated using residual sum -of-squares and the
number of data points.§ Column containing parameters from single exponential fit (/?=1 in equation(5)).f
Column containing parameters from non-exponential fit ( equantion(5)).6! The parameters are calculated
for 19"C. f Calcualted values using < rR>.
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DNA hairpin formation. [25] This accumulated research provides us with a reasonably 

coherent picture of the kinetics and thermodynamics of the DNA hairpin forming process. 

Some of the key points relevant to the present analysis are summarized as follows. 1) For 

a given stem sequence, the time constants for hairpin formation increase as a function of 

the loop size. Flairpins containing a 5-base-pair stem sequence like the ones used in this 

study exhibit folding times ranging from microseconds to hundreds of microseconds, 

depending on loop size. This is consistent with our observation o f enhanced broadening 

of the autocorrelation function and the larger measured relaxation time for the hp-T3o 

sample, relative to the hp-T2 i sample (See Figures 3.5 and 3.6). 2) The folding time 

depends on the sequence of the hairpin loop, as well as the loop size. Hairpins containing 

polyadenine loops exhibit longer folding times than equivalent-sized polythymine loops. 

For example, our measurement shows that the mean relaxation time o f hp-T3o is ~159-ps. 

By comparison, the mean relaxation time of a hp-A 3o hairpin with an equivalent stem 

sequence has been measured to be ~450-ps under similar temperature and solvent 

conditions. [22] These much longer folding times are thought to be due, in part, to 

intramolecular base-stacking interactions in the polyadenine chain. Such interactions are, 

for the most part, absent in polythymine. 3) DNA hairpin folding exhibits non-Arrhenius 

kinetics consistent with a heterogenous folding mechanism. The unfolded hairpins must 

sample a large number of local minima consisting of mismatched base contacts before 

nucleation of the folded hairpin can proceed. One way this manifests itself in DNA 

hairpins containing polyadenine loops is by nonexponential relaxation of the folding and 

unfolding reaction at temperatures below the melting temperature of the stem. A 

stretched exponential model is needed to characterize the relaxation process under these
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conditions.[22-24] Whether similar behavior is observed for hairpins containing 

polythymine loops is a question that is addressed in the present study.

Our data supports the expectation that DNA hairpin formation occurs via a 

heterogeneous reaction pathway, in that our analysis gives rise to well determined J3 

parameters, consistent with stretched exponential relaxation, analogous to the 

observations of Klenerman and co-workers.[22-24] In our experiments, determination of 

/J depended on our ability to constrain the correlation amplitude, a, in addition to the 

parameters relating to diffusion and flow. When only the diffusion and flow parameters 

were constrained, the /?parameter was undefmed.(See Supple. Info..) Hence, procedures 

that rely on the prior analysis of a control molecule to constrain only the hydrodynamic 

properties of the molecules, and not the concentration dependent terms, would likely not 

succeed at determining this important parameter. As described in the previous chapter, a 

possible interpretations of the /? parameter is that 0 </3 <1, with /? ~0 corresponding to a 

completely random folding mechanism, and J3 ~ l  corresponding to two-state, single 

barrier folding. Intermediate j3 values can indicate varying degrees o f heterogeneity in the 

folding mechanism. Our /? values show an interesting trend when compared to the f.3 

parameters reported by Klenerman and co-workers for DNA hairpins containing 

polyadenine loops. For the polythymine loops, we find y^0iyT —0.7; whereas, fipoiyA —0.5 

has been reported for the same sized polyadenine loops under similar solvent and 

temperature conditions. [22-24] Hence, the heterogeneity of the folding mechanism, 

though still present, appears to be less of a factor for the polythymine containing hairpins 

than for the polyadenine containing hairpins. Ansari and co-workers have argued that the 

longer folding times of polyadenine containing hairpins are a consequence of enhanced
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base-stacking of the polyadenine chain. These interactions serve to increase the 

roughness o f the folding free energy surface by making it more likely for the unfolded 

hairpin to form mismatched base contacts. For polythymine, these intramolecular 

interactions are largely absent, giving rise to a smoother free energy landscape. Our 

observation that /?poiyT is closer to the limiting case of two-state kinetics than /5p0iyA is 

consistent with this argument. Finally, a comparison of the [3 values for the different sized 

polythymine containing DNA hairpins shows that /?hP-T21 is ~ 10-% larger than //hp-T.io.

This may point toward a trend of increasing heterogeneity in the folding mechanism with 

increasing loop size.

Determination of the folding and unfolding time constants, xci and rop, from the 

mean relaxation times of the two DNA hairpins requires knowledge of the equilibrium 

constant, K. Given K, the individual time constants are calculated using

The correlation analysis alone is not sufficient to determine the equilibrium 

distribution of folded and unfolded hairpins. The amplitude term, Beq, depends on both 

the equilibrium distribution and the relative fluorescence intensities o f the DNA hairpins 

in their folded and unfolded states. In the Chapter 4, the work investigating whether the 

photon counting histogram can be used to resolve these parameters is described. The 

common measurement of the K  is analysis of DNA melting curves. The studies 

previously reported have been used the melting curve information with assumption of 

two-state mechanism to describe the folding and unfolding processes. This assumption 

might be the reason of many inconsistent answers discussed in Supplementary section,

(3.14)
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such as loop dependence o f the reaction rates and activation energy of the reaction, (see 

Section 3.6.3) These fundamental questions are still unresolved even after 30 years of 

DNA hairpin dynamics studies.

3.5 CONCLUSIONS

In summary, we have shown that it is possible to extract relevant information 

about the hydrodynamic and the reaction rate properties of DNA hairpin molecules 

undergoing simultaneous translational motion and intramolecular folding and unfolding. 

This was accomplished by analyzing fluorescence fluctuations observed at two spatially 

offset detection volumes. Cross-correlation analysis of the two detection volumes 

revealed information about the hydrodynamic properties, independent o f the 

intramolecular dynamics. The autocorrelation functions of the independent detection 

volumes could then be constrained to allow determination of the intramolecular dynamics 

properties. Our measurements compliment previous studies on DNA hairpin folding and 

unfolding kinetics in that they present evidence for heterogeneity in the folding 

mechanism in large polythymine containing hairpin loops. This comes from the 

observation of nonexponential relaxation kinetics and from a larger than expected loop 

size dependence on the folding time at our laboratory temperature. Similar approach 

including analysis of the photon counting histogram to measure the equilibrium 

distributions of the folded and unfolded molecules is discussed in chapter 4. It might be 

quite interesting to extend the temporal resolution of our experiment into the nanoseconds 

to tens of nanoseconds time range. Finally, a major longer term goal of these efforts is to 

study biomolecule folding and unfolding reactions in the cellular environment. In all
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these cases, the key to success is to properly constrain the system so the desired kinetics 

information can be uncovered.

3.6 SUPPLEMENTARY INFORMATION

3.6.1 Precision of kinetic parameters

In this study, the autocorrelation analysis of the fluorescence data revealed the 

kinetics of hairpin folding and unfolding, with the parameters relating to diffusion, flow, 

and molecular occupancy constrained to the values determined from the cross-correlation 

analysis of same data set. We examined the effect of the constraints in the evaluation of 

kinetic parameters using several fitting methods. In Figure 3.7 the precision of the fitting 

parameters such as Tr and jS of hp-T2 i DNA sample are shown together with their 95% 

confidential intervals. Fitting analysis without any constraint, in other words, simple 

fitting of the autocorrelation function to the Equation (3.12), can not determine any of the 

kinetic parameters. The too wide range of confidence intervals makes it arbitral and lack 

of the corresponding physical meaning. In addition to this, it is shown that maximum 

precision can be achieved only from the fitting analysis with constraints o f both rpand 

the correlation amplitude, a. It demonstrates the critical need of the information on the 

sample concentration which is inversely related the parameter, a, in the FCS study of 

biomolecule dynamics. Therefore, the combined approach to FCS analysis of the data set 

under the same experimental condition and same time would be one of the best hopes to 

the study of more complex system.
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Figure 3.7 The precision of kinetic parameters ((A) Tr , (B) /3) of hp-T2 i DNA sample 
from autocorrelation fitting. Error bars represent 95% confidential intervals of the values.
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3.6.2 Degree of Correlation

Originally, our approach for studying the kinetics of biomolecule conformational 

fluctuations started from the application of dual beam fluorescence cross-correlation 

spectroscopy to the flowing samples. We have analyzed these fluctuations using only 

cross-correlation data from various flow rates. The experimental apparatus used for this 

study was similar to the one illustrated in this chapter, except that series of experiments 

performed under various flow rates controlled by changing gas pressure (Nitrogen gas). It 

is noted that cross-correlation of the fluorescence from two spatially offset probe volumes 

results in a pseudo-Gaussian shaped peak. The peak position corresponds to the transit 

time of the molecules between the two probe volumes, and is a function of the 

unidirectional molecular flow velocity. The peak width is determined by diffusion in all 

three dimensions.

We define a parameter referred to as the “degree o f  correlation,” which is given 

by the intensity of the cross-correlation peak. This parameter relates to the number of 

molecules detected as they pass sequentially through each of the two probe volumes. For 

example, molecules that pass through the first probe volume, but then diffuse out of the 

beam path before reaching the second, do not contribute to the degree o f correlation. In 

the absence of quenching and unquenching processes, the degree o f correlation relates 

solely to the diffusion of molecules out of the beam path. Note that the degree of 

correlation depends on the flow velocity of the solution. When the flow velocity is large 

compared to the diffusion rate, the degree of correlation will also be large, because 

molecules detected at the first probe volume will have less time to diffuse out of the beam 

path before reaching the second probe volume. As the flow velocity decreases, more and
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more molecules will diffuse out of the beam path, giving rise to a lower degree of 

correlation. This can be seen in Figure 3.8B, which presents a series of cross-correlation 

functions measured over a range o f flow velocities for a solution containing single R6G 

labeled DNA molecules (no quenching/unquenching).

Now if we consider DNA hairpin molecules undergoing conformational 

fluctuations that give rise to quenching and unquenching of the R6G fluorescence, we 

expect the conformational dynamics to affect the degree of correlation, as well as 

diffusion. DNA hairpin molecules adopting a closed conformation will be invisible to the 

apparatus due to efficient quenching of the R6G fluorescence. Only molecules passing 

through both laser beams in an open conformation will contribute to the degree of 

correlation. If, for example, a molecule passes through the first laser beam in an open 

conformation, and then transforms to a closed conformation by the time it reaches the 

second laser beam, it will not contribute to the degree of correlation. In general, the 

degree of correlation will be determined by the relationship between the flow velocity, 

the diffusion rate, and the relaxation rate for the opening and closing transition. At faster 

flow speeds, the molecules will have less time to undergo conformational transitions 

during their transit time between the two laser beams, giving rise to a greater degree of 

correlation than at slower flow speeds. Figure 3.8A presents a series o f cross-correlation 

peaks measured from a solution containing R6G and dabcyl labeled hairpin DNA at 

varying flow velocities. Note the much sharper decay in the degree o f correlation with 

decreasing flow velocity, as compared to the data in Figure 3.8B. This is due to the 

combined effect of diffusion and conformational transitions during the transit times 

between the two laser beams.
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Figure 3.8 Fluorescence cross-correlation functions vs flow velocity for (A) ~10 nM 
R6g-5 ’ - A ACCC-(T)30-GGGTT-3 ’ -dabcyl in 100 mM NaCl and (B) -10  nM R6G labeled 
T40 in 100 mM NaCl.
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The data in Figure 3.8A can be analyzed by fitting to the following equation 

which comes from Equation (3.4):

Gc ( t) ~  1 =  - ^  1
V  V/2 ( 2 fi / \21

N yl + T/TD 

= 7 7  gD^ ) s R(r)gFc{T)

DJ
exp r [x~ tItf )

1 +  t / t

\

D (3.15)

N

Here, we applied various gas pressures to achieve a wide range of flow rates. In the data 

of figure 3.8, zF has time scale from -40  /is to -40  ms. Therefore, triplet blinking is 

excluded from the model equation because the process has too fast time scale such that 

the g T term goes to 1. The faster process loses its contribution in the cross correlation 

curve. An advantage of this method, compared to single beam autocorrelation techniques 

reported previously, is that the relaxation time contribution to the degree of correlation 

can be decoupled from the diffusion contribution. In single beam autocorrelation analysis, 

the diffusion term must be determined independently before the relaxation time can be 

measured. In our experiment, the diffusion time constant, td, is obtained from the width 

of the cross-correlation peak. The contribution of rD to the peak amplitude can be fixed to 

the value obtained by analyzing the peak width, allowing an independent determination 

of t r . The possible application of this proof-of-concept demonstration to the analysis of 

biomolecule conformational dynamics is under investigation. A simulation study for the 

reaction is shown in Figure 3.9. If the molecules are designed to express fluorescence 

fluctuation associated with target reaction, same analysis can reveal the characteristics of 

the dynamics in general. The current challenge in the technique is non-homogenous flow 

profile at higher flow rates. We found that even at the center of square capillary setup, the 

laser detection volumes experience various flow rates, so that the analysis of td  needs to
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Figure 3.9 Simulated fluorescence cross-correlation functions vs. flow velocity for 
molecules experiencing conformational fluctuation similar to the reaction of DNA 
hairpins (red curves). The reaction rates are set to (A) ki=8000 s’1 and k2=400 s'1 (B) 
ki=3000 s'1 and k2=400 s’1, respectively. Control cases which do not have the reaction 
are represented as blue curves for comparison. The peak amplitudes are defined as 
“degree of correlation”.
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be corrected by the contribution. Although the modified model equation can be derived 

from mathematical view of points, its complexities will make the analysis more difficult. 

One approach to overcome this challenge can be a scanning FCS (SFCS) technique. 

Rather than pressurizing the solution along the capillary, which causes parabolic flow 

profiles, sample stage is moving relative to the detection volumes. The two beam SFCS 

has great potential for the study inside the cell environments where no active flow exists.

3.6.3 Assumption of Two-state Mechanism

In this section, the opening and closing reaction rates are evaluated for the 

comparison purpose. We measured the K  values from the melting curves displayed in 

Figure 3.2. The equilibrium constants, along with the time constants for folding and 

unfolding are shown in Table 3.1. Also shown is the fluorescence intensity ratio, Q, for 

each DNA hairpin, which was extracted from the fitting parameter Beq. It should be noted 

that the K  values from the melting curves, Kmeit is not equal to Keq which is actual 

equilibrium constant describing the reaction investigated during the FFS measurement. 

Our studies in Chapter 4 indicate the significant misleading in the case o f using melting 

curve information for the determination of reaction rates. However, by using the Kmeit , 

we compare our data with previous reports which were determined under assumption of 

two state mechanism for the DNA hairpin formation. The folding and unfolding time 

constants observed for the two DNA hairpins are in qualitative agreement with FCS 

measurements reported by Libchaber and co-workers for DNA hairpins with equivalent 

stem sequences and identical loop sequences. [20, 21] Comparison of the time constants 

observed for the different hairpins can be used to characterize the folding and unfolding
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time dependence on hairpin size at our laboratory temperature. These dependencies are 

characterized by the quantities and La "’ , where L is proportional to the number of 

nucleotide bases in the hairpin loop, and acl and d ,p are the folding and unfolding 

exponents, respectively. Our measurements show a cl = 2.96 ± 0.98 and a op = 2.30 ± 0.93 

for the two hairpin sizes studied. The large errors could be improved by studying a 

broader range o f hairpin sizes, and increasing the number of replicate measurements.

The size dependencies of the folding and unfolding times have been measured for 

similar DNA hairpins by Libchaber and co-workers[20, 21] and Ansari and co-workers.[l, 

3] The Libchaber group used conventional FCS analysis to study the kinetics of DNA 

hairpin formation under the same solvent conditions as reported here. The hairpin loops 

consisted of various sized polyadenine and polythymine chains, including polythymine 

loops equivalent in size to the ones used in our study. Libchaber and co-workers 

measured the folding and unfolding kinetics over a range of temperatures, from well 

below to well above the melting temperature of each hairpin. They observed a folding 

time dependence on hairpin loop size given by a d =2.6 ±0.3, in reasonable agreement 

with our measurement. However, their analysis differed from ours in that they assumed 

single-exponential, two-state kinetics for the reaction. Our somewhat larger value may 

come from our analysis of hairpin folding as a nonexponential process. The Ansari group 

used laser-induced temperature jump spectroscopy to study the kinetics o f three DNA 

hairpins containing equivalent stem sequences and small polyadenine and polythymine

loops of 4, 8, and 12 base residues, for which a cl -2 .2 . These measurements were 

restricted to elevated temperatures near the melting temperature o f the hairpins. The 

larger folding exponent obtained by Libchaber and co-workers, and by us, is thought to
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arise from the increased propensity of DNA hairpins to form misfolded intermediates at 

temperatures below the melting temperature.

The dependence o f the unfolding time on loop size has been somewhat more 

difficult to characterize, and there remains some controversy surrounding this issue. In an 

earlier study, Libchaber and co-workers reported unfolding rate parameters that showed a 

qualitatively similar loop size dependence to the one reported here at our laboratory 

temperature.[20] However, a later study by the same authors showed no loop size or 

temperature dependence on the unfolding time. [21] Ansari and co-workers, in their study 

of smaller hairpins at elevated temperatures, found an enhanced stability of the smaller 

hairpins that manifested itself as a decrease in the unfolding time with hairpin size.[l]

For polythymine containing hairpins, they observed a op « -2.3. Here again, this apparent 

conflict may arise from the different degrees of heterogeneity in the folding mechanism 

as a function o f hairpin size and temperature. It should be emphasized again the 

discussion presented here is based on the assumption of Kmeit is equal to Keq. In Chapter 4, 

we show that the reaction described here is not the whole process of folding and 

unfolding, but the fluctuation between open conformation and intermediate state with 

conformation of misfiled base pairs. Clearly this is an issue that merits further study.
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3.6.4 Programming code for the Combined FCS analysis (Matlab)

function  f i tp lo t l  =  fcs_hp % M odified  since 03/20/03 
[fnam e,pnam e] = u ig e tfile ( ’* .*7 S e le e l da ta  file');

% % % % % % % % % % % % % % % %  C ontrol P ane l% % % % % % % % % % % % % % % % % % % % % % % % % % % 0/
% C hoose initial values
S o2= input(’(W o 'Z o ) ''2  ? ');
taufO=input('taufO  in seco n d :  ');
rO =input('R  W  • );
A m p lO = in p u t( '1 \  ' 
taudO =input(’!auiii> in second: '); 
tautO=input('taiitO  in second: ');
T 0 = in p u t(T 0  : '); 
taurO =input('taur in second: ’);
B 0= inpu t('B (): ');

% C hoosc  fitting mode
f ix r  =  in pu t('r is fixed for CC fittin g ?  0 if  no. 1 i f  yes, ');
a ftco rr =  in pu t( 'A C  fitting with afterpulsing correction? 0 i f  no, 1 i f  yes. ');hairpin = inputfsample ? 0 if control DNA, 1 if hairpin DNA , ');
bod = input( 'boundary factor: ');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% O pening  data file 
G tem p= []; G tem p2=[]; 
fid= fopen(fnam e); 
for j= l : 7

s tr= fge tl(fid );
end

% R eading FCS data 
cm p=0;
w hile cm p ~ =  1 

s tr= fge tl(fid ); 
cm p=strcm p(str,"); 
i f  cm p ~ =  1

G tem p=[G tem p;str2num (str)] ; 
end 

end
for j= l : 2 6  

s tr= fge tl(fid );
end

% R eading C ount rate data 
cm p=0;
w hile  cm p ~ =  1 

s tr= fge tl(fid ); 
cm p=strcm p(str,"); 
if  s tr= =  -1 

cm p =  1; 
end
i f  cm p ~ =  1 

G tem p2=[G tem p2;str2num (str)];
end

117

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



end
status=fclose(fid);

0/  °7 ()/  ° / 0/  0/ ()/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ fVrscc I «>, , -cy A1-ti>•-,,t0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/' 0/ 0/ 0//o  /o  /o  /o  /o  /o  / o  /o  /o  / o /o  A) /o  /o  /o  /o  /o  70 /o  /o  /o  / ‘A-A OSS L O fT C M tlO n  CU1 V 0  T i l l i n g  /o  /() 70 /o  /o  /o  /o  /o  /<) /o  /o  /o  7o /o  7f

% % % % % % % % % 7 < ) 0/ o % % % % 0/ o % % % % % %  G etting  ta u f  % % % % % % % % % % % % % % % % % % % % % %  
g in fl)=0 ;
tau =  G te m p (4 6 :9 3 ,l); % tau  is the lagtim es in seconds
Gtau =  G tem p(46:93,3); % G tau  contains the cross-co rre la tion  data.

ta u l= m in (ta u ): le -6 :m ax(tau );
to l =  inpu t(’lo lerance '); % 'fitting to lerance 
e rro r=0 .1; 
w hile error >  to l 

prO=[ginfO;AmplO;taufO;taudO;rO];
l_b= [-.01e-3 ;A m p l0 /bod ;tau f0 /bod ;taud0 /bod ;r0 /bod ]; % low er boundary  for the fitting param eters. 
u_ b= [.0 1e -3 ;A m p l0 *b od ;tau f0 *bo d ;taud 0*bo d ;r0 *b od ]; % upper boundary  for the fitting  param eters. 
[pr,resnorm ,res idua l,ex itflag ,outpu t,lam bda,jacob ian ] =  lsq cu rve fit(@ ccfitl,p rO ,tau ,G tau ,l_b ,u_b ,[],S o2 ); 
c l  =  n lpa rc i(p r,res idua l ja c o b ia n ); % confiden tia l interval 
F t= c c fit 1 (pr,tau 1, So2);
A m p ll= p r (2 ) ;  
ta u d l= p r(4 ); 
r l= p r (5 )  ;
A m p litud e= m ax(F  t ) ;

close all 
f ig u re ( l)  
sub p lo t(3 ,2 ,[l 3 ]) 
sem ilogx(tau,G tau,' k . j  
ho ld  on
sem ilogx(tau 1 ,Ft, k j  
ho ld  on

.% % % % % % % % % % % % % % % % Fitting  w ith  tau fg in fD  nXed%%%%%%%%%%%%%% 
g in f l= p r ( l) ;  
ta u fl= p r(3 ) ;  
p rO = [A m p l 1 ;taud 1 ;r 1 ]; 
l_ b = [A m p ll/b o d ;ta u d l/b o d ;r l/b o d ];  
u _ b = [A m p l 1 *b o d ;ta u d l * b o d ;r l *bod ];
[pr,resnorm ,res idua l,ex itflag ,outpu t,lam bda ja c o b ia n ] =  

lsqcu rve fit(@ cc fit2 ,p rO ,tau ,G ta u ,l_ b ,u_ b ,[],ta u fl,S o2 ,g in fl); 
c2 =  n lpa rc i(p r,res idua l ja co b ia n );
F t2 = cc fit2 (p r,ta u l , ta u f l ,S o 2 ,g in fl) ;
A m p l2 = p r( l) ;
taud2=pr(2 );
r2=pr(3 );
A m p litud e= m ax(F t2 );
f ig u re ( l)
su b p lo t(3 ,2 ,[l 3 ]) 
sem ilogx(tau 1 ,Ft2,' r j  
h o ld  on

% % % % % % % % % % % % % % % % % % % % % F itting  w ith G m ax % % % % % % % % % % % % % % % % % % %
p r0 = [taud2 ;r2 ];
l_ b= [taud2 /bod ;r2 /bod ];
u_b=[taud2 *bod ;r2  *b o d ];
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[p r,resnorm ,residua l,ex itflag ,outpu t,lam bda,j acobian] = 
lsq cu rve fit(@ cc fit3 ,p rO ,tau ,G ta u ,l_ b ,u_ b ,[],ta u fl,S o2 ,g in fl,A m p litu de ,tau d2 ); 

resnorm a=resnorm ; 
c3 =  n lpa rc i(p r,res idua l ja co b ia n );
F t3 = cc fit3 (p r,ta u l , ta u f l ,S o 2 ,g in f l,A m p litude ,taud2);
ta u d 3 = p r( l) ;
r3=pr(2 );
f ig u re ( l)
sub p lo t(3 ,2 ,[l 3 ])
sem ilogx(tau 1 ,F t3,' b j
ho ld  on

<->/')/ »/ 0/ o/ o/ o/ 0/ o/ 0/ 0/ o/ 0/ 0/ 0/ o/!)/ 0/ T b.;,,,, vo/ 0/ n/ 0 / 0 / 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0//o  /o  /o  /o  /o  /o  /o  /o  /<> /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  / o U s i n g  LHl^ m d X  /o  /o  /o  /o  /o  /o  /o  /o  To /o  /o  /o  /<) /o  /<> /u  /o  /o  /<)

G m ax=m ax(F  t3 );
taum ax=-(taud3+tau f 1A2 ,/(2 *  taud3 *r3  A2 )) ;
taum ax= taum ax+ sqrt((taud3+ (tau flA2 /(2 * ta u d 3 *r3 A2 )))A2 + ta u f lA2 * ( l+ l / ( r 3 A2 ))+ 2 * ta u d 3 * ta u fl) ;  
G _taum ax= interp 1 (tau,G tau,taum ax); 
error =  G m ax-G _taum ax 
ta u fO = ta u fl;
A m p lO = A m p l2 ;

end

i f  f ix r  = =  0 
ta u f= ta u fl 
r r = [ r l ; r 2 ; r 3 ]
A m p li= [A m p ll;  A m p l2 ]
T a u d = [ta u d l; taud2; taud3] 

else i f  f ix r  = =  1
prO =[ A m p l2  ;taud3 ;ta u f 1 ]; 
l_ b = [A m p l2 /b o d ;ta u d 3 /b o d ;ta u fl/b o d ]; 
u_b= [A m p l2 *b od ;tau d3  *b o d ;ta u fl *b o d ];
[pr,resnorm ,res idua l,ex itflag ,outpu t,lam bda,jacob ian ] =  

lsqcu rve fit(@ ccfit4 ,p rO ,tau ,G tau ,l_b ,u_b ,[],r3 ,S o2 ,g in fl); 
c2 =  n lpa rc i(p r,res idua ljacob ian );
F t4=cc fit4 (p r,tau  1 ,r3 , S o2 ,g in f 1);
A m p l3 = p r( l) ;
taud4=pr(2 );
tau f2=pr(3 );
tau f= tauf2
r r = [ r l ; r 2 ; r 3 ]
A m p l i= [A m p ll;  A m p l2 ; A m p l3 ]
T a u d = [ta u d l; taud2; taud3; taud4]
A m p l2 = A m p l3 ; 
taud3=taud4; 
f ig u re ( l)  
su b p lo t(3 ,2 ,[l 3 ]) 
se m ilog x (ta u l ,Ft4,'g j  
h o ld  on 

end 
end
A m p litu d e = A m p l2 ; 
nn_c= 1 /A m p litu d e  
f ig u re ( l) 
subplot(3 ,2,5) 
sem ilogx(tau ,res idua l, 'b: i j  
h o ld  on
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(}4 M A / S )/ J )/ A / , i)/ A / S )4 0 /  0 /  n / ( ) /  0 /  0 /  <)/ o /  a  /'■’ f l u  ;m t o /  o /  » /  o /  o /  n /  o /  o /  o /  o / o /  o / o /  o /  o /  o /  <>/ o /  o /  o //<) /o  /o  /o  /o  /o  /o  /i) /o  /o  /o  /o  /o  /o  /o  /o  / o n L  ll ll ing /o  /o  /o  /t) /o  /o  /o  At /o  /u  /o  /o  A) A) /o  /o  /o  /o  /o  /o

% A uto  correlation  data
taua =  G te m p ( l:9 3 , l) ;  % tau is the lagtim es in seconds
Gtaua =  G te m p(l:9 3 ,5 ); % G tau  con ta ins the cross-co rre la tion  data.

% % % % % % % % % % A F T E R P U LS IN G  C ()R R E C T IO N % % % % % % % % % % % % ,h(,%%%<h,% % % % % % 0h,% 
if  a ftco rr ==1 

a l= l .55; 
af=1.97;
I=m ean(G tem p2); % averasic in tensity , '<k> '
1=1(2);
G c o rr= a l*e x p (-a f! log  10(taua.* 1000000))* 1.0125/1;
G corr=G corr( 1:14);
G tauatem p=Gtaua( 1:14);
G tauatem p=Gtauatem p-Gcorr;
G taua=[G tauatem p ;G taua( 15:93)]; 

end

% % % % % % % % % % % % % % % % Fit the cu rve  w ith taud and r % % % % % % % % % % % % % % % % % % % %
% % % % % % % % % % % % % % % % O nly  trip le t part fitting% % % % % % % % % % % % % % % % % % % % % % %
tau l= m in (tau a ): 1 e-6:m ax(taua);
pO=[tautO;TO];
lb= [tau tO /bod ;TO ^od];
ub=[tautO *bod;TO *bod];
[p ,resnorm ,residua l,ex itflag ,outpu t,lam bda,jacob ian ] =  
lsqcurve fit(@ acfitl,pO ,taua ,G taua ,lb ,ub ,[],tau f,A m plitude ,S o2 ,taud3 ,r3 );
F m c = a c fitl (p ,tau l',tau f, A m plitude ,S o2 ,taud3 ,r3 ); 
cac =  n lparc i(p ,res idua l,jacobian); 
res= residua l.*res idua l./93 ; 
kai2=sum (res)

f ig u re ( l)  
subp lo t(3 ,2 ,[2  4 ]) 
sem ilogx(taua,G taua,'k.') 
h o ld  on
sem ilog x (ta u l,F m c,'r ')
h o ld  on
subplot(3 ,2 ,6)
sem ilogx(taua,residual,’r : - 1)
h o ld  on
ta u t= p ( l) ;
T =p (2 );
T t= T /( l+ T ) ;
% % % % % % % % % % % % % F it the curve w ithout triplet part % % % % % % % % % % % % % % % % % % % % % %
g in fa0=0 ;
pO=[ginfaO];
lb = [g in fa 0 - le -6 ];
u b = [g in fa 0 + le -6 ];
[p ,resnorm ,res idua l,ex itflag ,outpu t,lam bda ja c o b ia n ] =
Isqcu rve fit(@ acfit2 ,p0 , taua, Gtaua, lb , ub ,[],ta u f, A m p litud e , So2,taud3,r3);
F m d= acfit2  (p ,tau l',tau f,A m p litude ,S o2 ,taud3 ,r3 );
res=residua l.*res idua l./93 ;
kai2=sum (res)

f ig u re ( l)  
subp lo t(3 ,2 ,[2  4 ])
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sem ilogx(tau 1 ,Fm d,! g ’) 
ho ld  on 
subplot(3 ,2,6) 
sem ilogx(taua,residual, 
h o ld  on

% % % % % % % % % % % % F itw ith  C onform ational fluctuation  part% % % % % % % % % % % % % % %
i f  ha irp in  ==  1
pO=[tautO ;T0 ;taurO ;B 0 ];
lb=[taut()/bod;TO /bod;taurO /bod;BO /bod];
ub=[tau tO *bod;TO *bod;taurO *bod;B O *bod];
[p ,resnorm ,res idua l,ex itflag ,outpu t,lam bda,jacob ian ] =
Isqcu rve fit(@ acfit3 ,p0 , taua, Gtaua, lb , ub ,[],ta u f, A m p litu d e , So2,taud3,r3);
F m c= a c fit3 (p ,ta u l',ta u f, A m plitude,S o2,taud3 ,r3 );
cac =  n lparc i(p ,res idua l,jacob ian)
aaa=cac(3, :)*  1000000
N ac =  in te rp l(ta u r,F m c ,0 ,'p e h ip Y e x ira p ’);
N a c = l/N a c
res=residua l.*res idua l./93 ;
kai2=sum (res)

f ig u re ( l)  
subp lo t(3 ,2 ,[2  4 ]) 
sem ilogx(taua,G taua, 'k .') 
ho ld  on
se m ilog x (ta u l ,Fm c,'b ') 
ho ld  on 
subplot(3 ,2,6)
sem ilogx(taua ,res idua l,'b : - ' )
ho ld  on
ta u t= p ( l) ;

T =p (2 );
taur=p(3 )
B = p (4 )
end

% C orrection  for PCH  analysis 
tau t= taut;
T = T ;
tau = in p u t(‘ tim e b in  o f  PCH : ’ ) ;
gam m a_t=( 1 + 2 *T * ta u t/ta u * (  1 -tau t/tau*( 1 -exp(-tau /tau t))))
Npch=nn_c/gam m a_t 
T t= T /( l+ T ) ;
N = n n _ c * ( l-T t) ;
F F = []; 
fo r j = 1:93 

F 4= g in fa 0 + A m p litu d e *e xp (- 
(( ta u a (j)* r3 /ta u f).A2 )./( l+ ta u a (j) /( ta u d 3 )))./(( l+ ta u a (j) /( ta u d 3 )).*s q rt( l+ S o 2 *ta u a (j) /( ta u d 3 )));

F F = [F F ;F 4 ];
end

f ig u re ( l)  
subp lo t(3 ,2 ,[2  4 ]) 
sem ilogx(taua,FF ,’g') 
ho ld  on
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0 %%%'Y
[p ,resnorm ,residua l,ex itflag ,outpu t,lam bda,jacob ian ] =
Isqcu rve fit(@ m fm a l0831 ,p0 , taua, Gtaua, lb , u b ,[],ta u f, A m p litu d e , So2,taudO,rO,ginfaO); 
resnorm b=resnorm ;
F m c= m fin a l0 8 3 1 (p ,ta u r,ta u f, A m p litu d e , S o2,taud0,r0,g in fa0); 

figu re (3 )
sem ilog x (ta u l ,F m c,'g )
ho ld  on
figu re (4 )
sem ilogx(taua,residual,'g : ')

0/ 0/ 0/ ()/ !)//{) /0 /() /() /<
[fnam e,pnam e] =  u ip u tf ile ( '5'.r lf', 'S a ve  Correlation  Data’); 
i f  fnam e~=0 

filenam e=strca t(pnam e,fnam e); 
f id = fo p e n (file n a m e ,'\\ ’); 
count fp r in tf( f id . % smi',1 F ile nam c:',fnam e);
c o u n t= fp r in tf( fid , '0 os % s\n ',!'Front Cross corre la tion  curve f ittin g ',") ; 
co u n t= fp rin tf(fid ,'% s  % 6.5 f  %s>n','N:', 1 /A m p litud e ,"); 
count fp r in tf( f id , %6.5 f Cbs

(% 6 .5 f  % 6.5() % 6.2i ' %s'- n1,'
c o u n t= fp r in tf( fid , ' %S (/

(% 6 .2 f  %6.2f) '’2)6.2!f n!,
c o u n t= fp r in tf( fid ,10 oS '•

rO)/rO,");
co u n t= fp r in tf( fid ,' %s n<>6
co u n t= fp rin tf( fid , ' %s 0'uS 5
co u n t= fp r in tf( fid ,' %S ° 06

(% 6 .2 f% 6 .2 f ) % 6 .2 f% S '<

au d 0 : ' , t a u d 0 * le 6 , 'u s ' ,c2 ( l , l )* le6 ,c2 ( l ,2 )* le6 ,(c2 ( l ,2 ) - tau d 0 ) / tau d 0 ," ) ;
i f % s  (% 6 .2 f% 6 .2 f )  "26.21' (luS\nVr0(R/wo):',r0,",c2(2,l),c2(2,2),(c2(2,2)-

»e % s'n % s\n',Vesnorm :',resnorm a,",");

ll','Ta^lt:,,ta u t* le 6 ,'u s ,,c i( l , l) * le 6 ,c i( l ,2 ) * le 6 , ( c i( l ,2 ) - ta u t ) / ta u t , ,,); 
c o u n t= fp r in tf( fid ,"1 (is "26.5 l’ %s (% 6 .2 I'% 6 .2 0  % 6 .2 f % s \n ', 'T /( l-T ) : ',T ," ,c i(2 ,l) ,c i(2 ,2 ) ,(c i(2 ,2 )-T ) /T ," ) ;  
co u n t= fp rin tf(fid ," '.is  " r o c c  % s'm ','rcsnorm :',resnorm b,");

sta= fc lose(fid );
end
end

% % % % % % % % % % % % S ubroutines % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  
func tion  F= c c fit l(p r ,ta u l,S o 2 )
F = p r( l)+ p r(2 )*e x p (-(p r(5 ). A2 )* ( (  1 -
ta u l/p r(3 )) .A2 ) . / ( l+ ta u l/p r(4 ) ) ) . / ( ( l+ ta u l/p r (4 ) ) .* s q r t( l+ S o 2 * ta u l/p r (4 ) ) ) ;
end

func tion  F = c c fit2 (p r ,ta u l,ta u fl,S o 2 ,g in fl)
F = g in f  1 + p r( 1) * exp (-(p r(3 ). A2) *  ((1 -
ta u l/ ta u f l) .A2 ) . /( l+ ta u l/p r(2 ) ) ) . / ( ( l+ ta u l/p r (2 ) ) .* s q r t( l+ S o 2 * ta u l/p r (2 ) ) ) ;
end

func tion  F = c c fit3 (p r ,ta u l, ta u f l,S o 2 ,g in fl,A m plitude ,taud2)
F = g in fl+ A m p litu d e * (( l+ ta u fl/ta u d 2 ).* s q r t( l+ S o 2 * ta u f l/ ta u d 2 ))*e x p (- (p r(2 ) .A2 ) * ( ( l -  
tau 1 / ta u f l). A2 )./( 1 +tau 1 /p r( 1)))./((1 + tau 1 /p r( 1)). *  sqrt( 1 + S o2*tau 1 /p r( 1)));
end

fun c tion  F = c c fit4 (p r,ta u l,r3 ,S o 2 ,g in fl)
F = g in f l+ p r ( l) * e x p ( - ( r3 .A2 )* ( ( l- ta u l/p r (3 ) ) .A2 ) . / ( l+ ta u l/p r(2 ) ) ) ./ ( ( l+ ta u l/p r (2 ) ) .* s q r t ( l+ S o 2 * ta u l/p r (2 ) ) ) ;
end
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function F = a c f i t l (p , ta u l,tau f, A m plitude ,S o2 ,taud3 ,r3 )
F = A m p litud e *exp (-
( ( ta u l.* r3 ./ta u f) .A2 ) . /( l+ ta u l/( ta u d 3 )) ) . / ( ( l+ ta u l/( ta u d 3 )) .*s q r t( l+ S o 2 * ta u l/( ta u d 3 )) ) .* ( l+ p (2 )*e x p (-
ta u l/p ( l) ) ) ;
end

function F = a c fit2 (p ,ta u l,tau f,A m plitude ,S o2,taud3 ,r3 )
F = A m p litu d e *e x p (-(( ta u l.* r3 ./ta u f) .A2 )./( l+ ta u l/( ta u d 3 ))) . / ( ( l+ ta u l/( ta u d 3 )) .*s q r t( l+ S o 2 * ta u l/( ta u d 3 ))) ;
end

function F =a c fit3 (p ,ta u l,tau f,A m p litud e ,S o2 ,ta ud3 ,r3 )
F = A m p litu d e *e xp (-
(( ta u l.* r3 ./ta u f) .A2 ) ./( l+ ta u l/( ta u d 3 )) ) . / ( ( l+ ta u l/( ta u d 3 )) .*s q r t( l+ S o 2 * ta u l/( ta u d 3 )) ) .* ( l+ p (2 )*e x p (-  
tau 1 /p ( 1))). *  (1 + p(4 ) *exp (-tau  1 /p (3 ) ) ) ;
end
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Chapter 4

Equilibrium Distribution of DNA Hairpin 

Conform ers

In this chapter, a new approach to characterize the equilibrium distribution 

between different conformational states of a biomolecule is discussed. The folding of a 

dye-quencher labeled DNA hairpin molecule was investigated using fluorescence auto- 

and cross-correlation spectroscopy (FCS) and photon counting histogram analysis (PCH). 

The auto- and cross-correlation measurements revealed the flow and diffusion times of 

the DNA molecules through two spatially offset detection volumes, the relaxation time of 

the folding reaction, and the total concentration of DNA molecules participating in the 

reaction. The PCH measurements revealed the equilibrium distribution of DNA 

molecules in folded and unfolded conformations and the specific fluorescence 

brightnesses of the fluorophor in each conformational state. These measurements were
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carried out over a range of NaCl concentrations, from those that favored the unfolded 

form of the DNA hairpin to those that favored the closed form. DNA melting curves 

obtained from each sample were also analyzed for comparison. The FCS and PCH 

measurements revealed that the total concentration of the reactants being probed was 

depleted as the conditions were adjusted to favor the closed form of the DNA hairpin. It 

was also found that the equilibrium distribution measured by FCS and PCH agreed with 

the distribution determined from the melting curve analysis only for reaction conditions 

that favored the open form of the DNA. As the NaCl concentration was raised, the 

melting curves showed the expected shift in the equilibrium distribution toward the 

folded hairpin; whereas, the FCS and PCH measurements showed a nearly constant 

equilibrium distribution. These observations suggest a three-state mechanism for the 

reaction, involving a stable intermediate form of the DNA hairpin. The reaction being 

probed by FCS and PCH is suggested to be a rapid equilibrium between open and 

intermediate conformations. The final, closed form of the DNA hairpin is suggested to be 

stable on a much longer time scale than that of the FCS and PCH measurements, and thus 

serves as a sink into which the observed reactants are depleted as the reaction progresses.

4.1 INTRODUCTION

As described in Chapter 1, DNA stem-loop hairpins are model systems for 

secondary structure formation in single stranded DNA and RNA.[l-5] In recent years, 

there has been a resurgence of interest relating to the kinetics and energetics of DNA 

hairpin folding, fueled in part by the development of new experimental techniques for
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probing the microsecond time scale on which these reactions occur. [6-16] Experimental 

methods that have been utilized include laser-induced temperature jump spectroscopy[6, 

9, 11, 16] and fluorescence correlation spectroscopy (FCS)[7, 8, 12-15]. These 

experiments consistently observe chemical relaxation processes attributed to DNA 

hairpin folding and unfolding. The relaxation time observed for a given hairpin depends 

on the size of the hairpin loop, the number of base pairs in the stem, and the loop 

sequence, and can range from a few microseconds to hundreds o f microseconds. It has 

generally been assumed that these relaxation processes describe a two-state reaction in 

which the DNA molecules spend most of their time in a fully folded stem-loop hairpin 

structure or a fully unfolded random coil configuration. Partially folded, or misfolded 

intermediates are thought to be transient and short-lived compared to the overall folding 

reaction.[7, 9, 17]

In the previous study described in Chapter 3, we characterized the relaxation 

times of DNA hairpin folding reactions using a new “multi-parameter” approach to 

FCS.[15] This technique analyzes the fluorescence observed from a flowing sample of 

DNA hairpin molecules at two spatially offset detection volumes. Simultaneous cross­

correlation and auto-correlation analysis of the fluorescence from the two detection 

volumes resolves the transport properties of the molecules from their chemical relaxation 

properties, and thus allows more information to be drawn from the system than could be 

obtained using conventional single-beam FCS alone.

The present study combines this multi-parameter FCS technique with photon 

counting histogram (PCH) analysis[ 18-20], which monitors the absolute and relative 

concentrations of the reactants taking part in the observed chemical relaxation process, in
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addition to the reaction time. We studied the folding of a stem-loop DNA hairpin 

molecule containing five base pairs in the stem and twenty-one thymine residues in the 

loop region. The reaction conditions were varied from those favoring the open form of 

the DNA hairpin, to those favoring the closed form. Our results do not support a two- 

state reaction mechanism for the folding of this DNA hairpin. For example, one of our 

key observations is that the overall reactant concentration was dramatically depleted as 

the reaction conditions were altered in favor o f the closed form of the hairpin. This 

observation cannot be explained from the standpoint o f a two-state reaction mechanism. 

If only two states were present, the overall reactant concentration would not depend on 

the reaction conditions. Only the relative concentrations would have this dependence. We 

can explain this and other observations presented below by assuming the chemical 

relaxation process being probed by FCS and PCH involves an intermediate form of the 

DNA hairpin that is stable on the time scale of the observed reaction. The fully folded 

configuration is not directly observed in our FCS and PCH measurements, but serves as a 

stable sink into which the reactants become transformed as the reaction progresses. Our 

observations are suggestive of a three-state DNA hairpin folding mechanism involving a 

rapid equilibrium between open and intermediate configurations, and a much slower 

formation of the fully folded stem-loop hairpin. Hence, we describe a DNA hairpin 

reaction that is even more complex and more drawn out than previously thought. (J. Am. 

Soc. Chem. 2005 Submitted.)

4.2 EXPERIMENTAL SECTION

4.2.1 Sample preparation and Instrumentation
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Details of the experiment were described in the last two chapters. Briefly, DNA 

hairpin was dual-labeled with Rhodamine 6G (R6G) and 4-{[4-(dimethylamino) phenyl] 

axo} benzoic acid (dabcyl) at the 5’ and 3’ ends, respectively. The hairpin sequence was 

5’-R6G-AACCC-(T)2i-GGGTT-dabcyl-3\ DNA solutions with nanomolar DNA 

concentrations were prepared in a pH -8 .0  buffer solution containing 2.5-mM Tris-HCl, 

250-pM EDTA, and various concentration of NaCl. The quality o f the hairpin samples 

was confirmed by monitoring the fluorescence intensities at the temperatures varying 

from 5°C to 85°C, on a steady state flourometer.

The FCS and PCH experimental setup is shown in Figure 4.1. It is similar setup 

previously described in the Chapter 3, with some modification. The sample solutions 

were flowed continuously through the capillary by pressurizing the capillary inlet with N2 

gas. Fluorescence fluctuation spectroscopy (FFS) measurements were performed using a 

home-built single molecule confocal fluorescence microscope.[21] Two split laser beams 

(514.5 nm, 40-p.W per beam before focus lens) were focused into the capillary by a 100x 

1.25 NA oil immersion microscope objective. Fluorescence from each focal region was 

collected through the same objective; passed through the 530-nm long pass dichroic 

mirror; split by 50/50 beam splitter; then imaged into two 50-pm confocal pinholes 

separately, (Thorlabs, Newton, NJ) which provide axial resolution by rejecting out-of- 

focus light. The output of the pinholes was band-pass filtered and focused onto the active 

areas of two single-photon-counting avalanche photodiode detectors. We found better 

collection efficiency as well as better signal to noise ratio can be achieved by using 

pinholes to image signal fluorescence, instead of using optical fibers. The two laser 

beams formed nearly identical diffraction-limited focal regions, positioned near the
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Data analysis
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Figure 4.1 Schematic representation of the two-beam FFS experiment 
The optical setup was designed to position the two laser beam in the center of the squared 
capillary, separated by a distance of R (shown in bottom). The sample solution flows 
through the capillary under applied gas pressure. Fluorescence signal from each laser 
focal volume is collected and used for the simultaneous analysis of Auto- and Cross- 
Correlation as well as PCH.
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center of the inner capillary space (~25-p.m from the inner surfaces), separated along the 

axial dimension o f the capillary by a distance, R (~3-pm). The optimum position of the 

two laser beam foci relative to the z-position of the capillary and the flow axis could be 

confirmed by cross-correlation analysis.[22, 23] The entire experiment was placed inside 

an enclosure to block stray laser light. All experiments were carried out at an ambient 

temperature of ~19°C.

4.2.2 Data Acquisition

The photocounts from the two detectors were recorded using the two channels of 

a 800-MHz gated photon counter (PMS-400, Becker & Hickl GmbH, Berlin, Germany), 

interfaced to a Pentium computer. A sampling time of 1-ps per sampling interval was 

used for each channel. A LabView computer program, written in-house, was used to 

perform real-time FFS analysis on the detected photons as they were being accumulated. 

The program simultaneously autocorrelated the photocounts observed from the individual 

detection volumes, and cross-correlated the photocounts from the two detection volumes 

relative to each other. The cross-correlation functions were calculated after first re- 

binning the accumulated photocounts into 9-ps sampling intervals to achieve improved 

signal-to-noise ratio. All correlation functions were calculated using the “multiple-f” 

concept, in which the intervals between successive lagtimes increase as the lagtime 

increases. The rebinned photocounts of 9-/rs sampling intervals were also used to 

construct photon counting histograms. The histograms obtained from each detection 

channel were identical within experimental error. The user interface o f the LabView 

program continuously displays a running average of the correlation functions and the
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cumulative histograms. The experimental photon counting distribution, {pk}  was 

analyzed by fitting the normalized histogram to a theoretical PCH model, {p k}, devised

by Perroud et al. [20] The PCH fitting quality is determined by estimating reduced X̂ ed 

based on a binomial distribution statistics.[18, 24]

,vm ax

I
x \ ed= T  - v    (4.1)

k  —k  —amax min

where, d  is number of fitting parameters and /•> is a normalized residual given by

(42)

where, N  is the total number of experimental data points in the histogram and Ok is a 

standard deviation given by

= 4 NPk^~Pk)  • (4.3)

Analyses of both experimental correlation functions and photon counting 

distribution were carried out using a Levenberg-Marquardt algorithm (least-squares 

fitting routine) from the MatLab Optimization Toolbox.

4.3 ANALYSIS AND RESULTS

4.3.1 FCS and PCH Analysis

We begin by describing our efforts to evaluate our FCS and PCH measurements 

assuming a DNA hairpin folding reaction that goes to completion via a two-state reaction 

process:

Nx<=^=LN2 (4.4)
k - \
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Here, N { and N 2 refer to the average number o f DNA hairpin molecules occupying the

detection volume of the optical microscope in their open and closed conformations, 

respectively. Figure 4.2A displays auto- and cross-correlation functions (inset) obtained 

from DNA hairpin samples containing constant DNA concentration and varying NaCl 

concentration. The cross-correlation functions, Gc,2.s( t), were analyzed by fitting to 

Equation (4.5)[22, 23, 25-29]:

■ • '  21,2 f - y w r , ) 2]
2X P -----   -

I 1 + t' Td J (4.5)
CC2S«> —1 = - --- =

n x+n 2
1

DJ
1

1 +  t ! t D

1
N,cc

where

S o(r ) =

SFc{r ) ~ CXP

f 1 1f 1 1
[ i + t/ t dJ V1 + k*t/ tD;

Al/2

r 2( l - r / r F )
1 + r /r D

(4.6)

(4.7)

The parameter td is the average diffusion time of the DNA molecules through the 

detection volume, kq is the ratio (coo/zo) of the radial, coo, and axial, zo, focal radii and has 

been held constant at the value 0.104±0.002 determined previously, r is the ratio (R/coo) 

of the distance, R, between the two detection volumes and the focal radius, <uq. t f  is the 

average flow time of the DNA molecules between the two focal volumes and is equal to 

R/Vx, where Vx is the linear flow velocity of the analyte solution at the point of detection. 

Finally, Ncc represents the average number of DNA hairpin molecules in both open and 

closed conformations occupying the detection volume ( Ncc = N] + N2).
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Figure 4.2 Experiment data (dots) and corresponding fitting curves (solid lines) from 
simultaneous FCS and PCH measurements vs. NaCl concentration (blue: 0-, green: 25-, 
red: 100-, and black: 500-mM NaCl). Panel (A) shows the observed auto-correlation 
functions, with the cross correlation functions shown in the inset. The dashed curves are 
predicted auto-correlation functions based on the cross-correlation analysis. Panel (B) 
shows the photon counting histograms obtained from the same samples using 9-ps 
sampling intervals. The DNA concentration was held constant at -25-nM for all the 
samples.
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For a two-state chemical reaction with a relaxation time faster than the flow time 

(tf), the cross-correlation function is only sensitive to the diffusion and flow properties of 

the DNA molecules. [15] Fluorescence fluctuations caused by the reaction are not 

sufficiently correlated with respect to the two detection volumes under these conditions. 

Cross-correlation analysis thus gives the parameters t d , t f , r, and N cc , without

contributions from chemical relaxation. The dotted curves in Figure 4.2A predict how the 

autocorrelation functions would appear under conditions of pure diffusion and flow of the 

DNA molecules, based on the measured cross-correlation parameters. Any deviation 

between the predicted and observed autocorrelation functions is attributed to relaxation 

caused by triplet blinking at shorter time scales, and quenching and unquenching of the 

fluorescent dye, induced by DNA conformational fluctuations, at longer time scales.

Parameters relating to the chemical relaxation of the DNA hairpin structure were 

obtained by fitting the experimental autocorrelation functions to Equation (4.8), which 

corresponds to the theoretical autocorrelation function, G a ,2s ( t ) ,  describing two-state 

chemical relaxation.[25, 30-36]

where

(4.9)

- \  + Beqe Ẑ R , and (4.10)
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(4.11)

Here, T  is the quantum yield and zy is the time constant for triplet blinking; tr is the 

relaxation time of the two-state reaction; (3 accounts for the possibility of “stretched” 

exponential relaxation[12]; and B is an amplitude term that depends on the equilibrium 

distribution of the reactants and their specific brightnesses. These parameters were 

determined by constraining. zy>, zF, r, and Ncc to the values obtained in the cross­

correlation analysis, and adjusting zy, Teq, rR and Beq to achieve the best fit. 

Representative results from our auto- and cross-correlation analyses are presented in 

Table 4.1. Relaxation times (zy) for the DNA hairpin folding reaction were observed to 

be ~60-ps. These relaxation times are consistent with previous kinetics experiments on 

the folding of DNA hairpins with the same size and composition as the one studied 

here.[7, 8, 15]

What is of interest to us here is the equilibrium distribution of folded and 

unfolded DNA hairpin molecules as a function o f NaCl concentration. It is known that 

NaCl stabilizes the folded form of the hairpin.[37] This is evident from the melting 

curves displayed in Figure 4.3B, which show the characteristic rise in melting 

temperature with added NaCl. If a two-state reaction is assumed, the melting curves can 

be analyzed to determine the equilibrium constant Kmelt = N2/ N l using Equation (4.12):

where 7(7) is the fluorescence intensity at temperature T. We have evaluated Kmeit for 

each sample at our laboratory temperature of 19°C (See Figure 4.3 A). As expected, Kmeit

(4.12)
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TABLE 1: Parameters from FFS Analysis0,6

PCH Analysis0 FCS Analysis

Model: one species two species Cross Correlation

N  app 1.54(03) 1 .44 (55 ) r 11.8(06)

£ app 0.539(31) 0 .4 8 (1 8 ) N cc 4.26(05)

Tf (ms) 1.47(15)
N 1 1.27(121 0.72(16) Td (/iS) 214(13)
n 2 2.98(221 0.98(25)

€1 0.591(171 0.61(14) Auto Correlation

€Z 0.074(141 0.26(12)

Fee; 0.198(24)

F 0.732(54) 0.71(16) & e q 0.987(97)

x2 1.75 1.69 rT (^s) 4.12(71)

7r (MS) 62.7(5.1)

K  FFS 2.33(221 1.36(461

Q 0.125(241 0.42(221 [G(0)-1]"1 1.65(01)

a Paramters correspond to the fitting analysis in Figure 1 (lOOmM 

NaCl). b Values in parentheses are the standard deviation for the last 

digits. 0 Values underlined are calculated using fitting parameters.
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Figure 4.3 (A) Equilibrium constants of DNA hairpin samples vs. NaCl concentration 
and (B) corresponding melting profiles [data sets with NaCl concentrations of 0- ( a ), 25- 
( • ) ,  100- (v), and 500-mM (■) are shown.] In panel (A), Kmelt (A ) represents the 
equilibrium constants evaluated from the melting curves according to Equation (4.12). 
Kffs  ( • )  represents the equilibrium constants determined from our FCS and PCH 
analysis. The dotted line in panel (A) is Kmen, 3s calculated according to Equation (4.25).
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rises precipitously with added NaCl.

Our initial goal was to simply characterize this behavior using our fluorescence 

fluctuation spectroscopy data itself, without reference to the DNA melting curves. The 

correlation amplitude parameters Ncc and Beq contain information about the reaction 

equilibrium. In particular, Beq has the form:

1 - 0
Beq ~ Kpps

_ N iN 2(£t £2)
(Nxs x+ N 2s 2f1 + k ffsq

K Ff s  denotes the equilibrium constant as determined by our fluctuation spectroscopy 

measurements; £\ and £ 2  are the specific brightnesses o f R6G when the DNA hairpin 

molecules are in their open and closed conformations, respectively, and Q is the ratio 

e2/^i • The Beq parameter is sometimes used to estimate K Ff s  based on the assumption 

that Q =0. However, this is often a very severe approximation that must be used with 

great care. As shown in Figure 4.4A, when Q > ~ 0.1, the measured value of Beq can 

support a broad range of K f f s  values. Beq essentially loses its dependence on K Ff s  under 

these conditions. It is also seen that Beq only takes on values greater than 1 when Q «  ~ 

0.1. Our Beq measurements (Figure 4.4B) are in the regime where Beq < ~1, and Q > ~ 

0.1. This means that Kffs  and Q cannot be resolved using our FCS measurements alone. 

Additional information is needed to resolve these parameters.

Our motivation for combining PCH with FCS was to overcome this limitation in 

the study of biomolecule folding reactions. The PCH is a probability distribution for 

detecting k photons arising from the optical detection volume during a specified sampling
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Figure 4.4 (A) Simulations of the amplitude term Beq as function of Q and K  (inset), and 
(B) experimental Beq values from FCS analysis of DNA hairpin samples Panel (A) shows 
three equilibrium constants (•: K=5, O: 10=10, ■: K=30). Note that at Q=0, Beq = K. As Q 
deviates from 0, the values of Beq become considerably different from K. For instance, the 
difference between cases of Q=0 (dotted line) and Q=0.1 (solid line) is shown in the 
inset. According to observed values in panel (B), the expected Q is greater than ~0.1 in 
our experiments.

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



interval.[18, 19] The probability depends on the average number o f fluorescent molecules 

being probed by the optical microscope and their specific brightnesses. This is precisely 

the information needed to resolve the K ffs and Q  terms contained in the Beq parameter. 

Figure 4.2B shows photon counting histograms obtained from the same DNA samples 

represented by the corresponding FCS data in Figure 4.2A. We used sampling intervals 

of 9-ps, chosen to be small compared to the relaxation time of the DNA hairpin folding 

reaction. Hence, the system is considered static on the time scale o f the PCH counting 

interval. Two approaches for obtaining the desired information from this data were 

investigated. To simplify matters, we note that s\ is the specific brightness o f unquenched 

R6G, which we have measured separately by PCH analysis o f R6G labeled DNA in the 

absence of quencher (See Suppl. Info.). The challenge becomes one of determining , 

N2, and £2 .

The first PCH analysis approach we investigated was to determine Nx, N2, and £ 2

directly by fitting the observed PCH to a two-species model of the probability 

distribution. The model we used was devised by Perroud et al. [20], who devised a way to 

correct for the out-of-focus emission observed whenever one-photon fluorescence 

excitation is employed. For a one-component system, the probability for detecting k 

photon counts from N  identical molecules with specific brightness, s, is given by

00

P(k; N, s)  = ^  p (N) (k ; q, e) ■ Poisson(N, q/V) (4.14)

where

(4.15)
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and, according to Chen et al. [18]

(4.16)

where, '){arx) is the incomplete gamma function, q is the ratio between an ideal Gaussian 

shaped detection volume defined in FCS, Vfcs, and a reference volume, Vq (i.e. Vo = 

q Vfcs )■ It is found that the probability distribution P ( k \ N , s ) is independent of the 

choice of Vo, as long as Vo is large enough to obtain a positive value of P(0; N , s )  .[18, 

24] We found q=6 to be an appropriate choice for our experiment. A first-order 

correction, in which F, = F  for k = 1, and Fj = 0 for k > 1 was used. F  is the ratio between 

out-of-focus and in-focus emission. For our optical setup, F  is found to be -0.7, in good 

agreement with the PCFI measurements o f Huang et al. using a similar optical setup.[24] 

The probability distribution for a two-component system is obtained from the above 

equations using

Our PCH measurements could be analyzed by fitting to Equation (4.17). The parameters 

A ,, N2, £2 , and F, were determined, with the parameter £\ held constant (See Table 4.1).

An alternative approach to the PCH analysis was to apply a single-species model 

that depended on an apparent number o f molecules, Napp , with apparent specific

brightness, £a/)/J.[38, 39] Napp and £app are weighted averages characterizing the

distribution of fluorescent species of differing brightness present in the sample. For a 

two-component system, these parameters are given by the Equations (4.18-4.19)

P(k \Nx, s x, N 2, s2) = P(k; Wj, sx) ® P(k; N 2, e  2) (4.17)

(4.18)
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Our PCH data could be analyzed by fitting to the single-component distribution 

(Equation (4.14)) with N = Napp and s = sapp. The parameters Napp , sapp, and F  were

obtained from the analysis.

Table 4.1 compares the PCH parameters obtained using the different analysis 

procedures for a representative set of data. It is found that the results are essentially 

equivalent in that they give the same values for Napp, £app, and F. They also agree with

the corresponding parameters derived from FCS within experimental error. In particular, 

we notice that N  has the same functional form as the inverse amplitude of the

autocorrelation function, \_GA 2S (0)- l ]  ' ,  and we find good consistency between these

parameters for both analysis procedures. The advantage of the two-component PCH 

analysis is that the equilibrium constant, K f f s ,  can be determined directly from the PCH 

data alone. The disadvantage is that four adjustable parameters are needed to fit the data, 

which means the parameters were not as well determined as one would wish (-20- to 30- 

% relative standard deviations for N{ and N2 ). The single-component analysis requires 

fewer adjustable parameters, so the parameters were determined more precisely (<10-% 

relative standard deviations). However, K f f s  could not be obtained directly because the 

one-component PCH analysis did not provide enough information to uniquely determine 

N { and N 2 ■ We found the best precision for determining K f f s  was attained by combining 

the information from the one-component PCH with the FCS results. Using Equations 

(4.13) and (4.18-4.19), along with the known value of s\, we obtain
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N t =Tr
N  s

“PP app
■=r and (4.20)

(4.21)

Table 4.1 shows the values o f A] , N2, and Kffs derived from the above equations for a 

representative sample.

4.3.2 Failure of the Two-State Reaction Mechanism

In the past, it was assumed that the complete DNA hairpin folding reaction and 

the sub-millisecond chemical relaxation processes observed by FCS represented one and 

the same reaction.[7, 8, 12-15] If this were the case, then Kmei, and Kffs  would describe 

the same reaction process. We are now in a position to evaluate that assumption. Figure 

4.3 A compares the behavior of Kmei, and K f f s  as a function of NaCl concentration. There 

is good agreement between the two sets o f constants at NaCl concentrations below ~25- 

mM, at which the open form of the DNA hairpin is favored at our laboratory temperature. 

At higher concentrations, however, the deviation becomes quite dramatic. The melting 

curves predict a precipitous rise in the equilibrium constant with increasing NaCl 

concentration as already discussed; whereas, the equilibrium constant determined by 

PCH and FCS stays relatively constant. According to our observations, the assumption 

that Kmeit and Kffs  describe the same reaction is only valid under conditions that favor the 

open form of the hairpin. When the closed form of the hairpin is favored, Kme/t and K f f s  

represent different reactions. This is our first indication that the DNA hairpin folding 

reaction may be more complicated than previously recognized.
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Additional insight come from the behavior of the FCS and PCH parameters 

themselves. Figure 4.5A compares the observed behavior of N  , eapp, [G^(0)-1] (the

autocorrelation amplitude), (/) (the average photocount rate), and Ncc with their

expected behavior assuming a two-state reaction characterized by the equilibrium 

constant, Kmeit (dotted curves). The x-coordinates correspond to Kmeit/(Kmeit + 1) for each 

NaCl concentration, which represents the fraction of folded DNA hairpins that would be 

observed in a two-state reaction. The expected behaviors o f these parameters were 

calculated using the fraction and the measured values of s\ and £2 . (See Supple. Info, for 

the details of calculation.) These trends show that, in a two-state reaction N  should

slowly decrease to a minimum value, while [G^2,s(0 ) - 1 ] should have the inverse of this 

trend. eapp should decrease as the brighter species is depleted in favor of the darker 

species, and Ncc should remain constant. What we have observed is diametrically 

opposed to these expectations. At low NaCl concentrations, all the parameters are in good 

agreement with their expected values. But as NaCl is added, N  drops precipitously, as

[G^O)-!] rises inversely. Ncc abruptly drops, while eapp remains relatively constant.

Naturally, we wondered if this apparently anomalous behavior could be due to 

experimental error or to misinterpretation of our measurements. To address this 

possibility, we constructed a model two-state system[40], and subjected it to the same set 

of measurements as described above. The model system consisted o f solutions containing 

poly(dT)4o ssDNA, singly labeled with either R6G- or Cy3- and mixed together to 

achieve different fluorophor ratios. PCH analysis of pure component solutions was used 

to measure the molecular brightnesses, £r6g and £cy3 - £r6g was identical to £\, presented
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Figure 4.5 FCS and PCH parameters of DNA hairpin samples (A) and a model two-state 
system (B) The DNA hairpin samples contained ~25 nM DNA concentrations and 
varying concentrations of NaCl. The model system contained Cy3- and R6G-singly 
labeled poly(dT)4o single-stranded DNA prepared in different ratios. The total 
concentration of Cy3 and R6G were held constant at ~4.5 nM. In panel (A), the x- 
coordinate represents the expected fraction, /  = Kmeh / ( l  + K mdt) , o f DNA molecules in

the folded conformation, assuming a two-state reaction. N x + N 2 was obtained from the

cross-correlation analysis. In panel (B), N  and s  were evaluated using fitting

parameters from the two-species PCH analysis according to Equations (4.18-4.19). The 
expected behaviors of the parameters, assuming a two-state system for each, are 
represented by dotted lines in both panels. (See Supple. Info, for details)
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above. £ty3 was measured under the same experimental conditions. Hence, the ratio 

£cy3/£R6G is -0.25 and comparable to our Q value measured for the DNA hairpins.(See 

Supple. Info.) Figure 4.5B shows how N app, sapp, [G^(0)-1], ( /)  and NCy3 +NR6G, as

determined by FCS and PCH analysis, changed with increasing fraction of Cy3-labeled 

ssDNA. The concentrations o f the different components were adjusted so that the total 

DNA concentration remained constant. These parameters behave in precisely the way one 

would expect for a two-state system. What’s more, these observations are completely 

analogous to the expected behavior of DNA hairpin molecules undergoing a two-state 

reaction. We conclude that our experiment is robust in its ability to characterize this type 

of behavior.

We also considered the possibility o f detector saturation artifacts skewing the 

results for higher count rate samples, as well as changes in the background photocount 

rate due to added NaCl. Detector saturation artifacts could be investigated by carrying out 

the same measurements on samples in which the DNA hairpin concentrations were 

adjusted to achieve the maximum count rate observed in our experiments for each 

sample. The same was done for the model two-state system. The model system exhibited 

precisely the behavior that would be expect for a two-state system, while the DNA 

hairpin samples exhibited behavior that was anomalous for a two-state system (See 

Suppl. Info.). Also, analysis of solvent blanks vs. NaCl concentration showed no change 

in the background photocount rate. It is concluded that if  the DNA hairpins were reacting 

according to a two-state mechanism, this would be manifested in the behavior of the FCS 

and PCH parameters. The fact that the FCS and PCH parameters deviate so strongly from
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the expected behavior leads us to consider alternative reaction mechanisms for DNA 

hairpin folding.

4.3.3 The Three-State Reaction Mechanism

The observations presented thus far can be explained in a straightforward manner 

if we make the following assumptions. First, it is apparent that the concentration of DNA 

molecules detectable by PCH and FCS decreases as the DNA hairpin folding reaction 

progresses. This is evident from the way N  , €app, Nc c , and the correlation amplitudes

are affected by the NaCl concentration, and it suggests that some of the DNA is being 

converted into a non-fluorescent dark state that does not contribute to the FCS and PCH 

measurements. Second, it is apparent that this dark state is being formed, and is stable, on 

a longer time scale than the FCS correlation time. Our FCS experiment can only analyze 

chemical reactions that occur on a faster time scale than the molecular transport time 

through the optical detection region. Anything taking place on a longer time scale than 

~l-m s is static with respect to FCS. What our results suggest is that the undetectable dark 

state is static on the FCS time scale and is thus not taking part in the sub-millisecond 

chemical relaxation process observed by FCS. As far as our FCS and PCH measurements 

are concerned, this non-fluorescent dark state is a sink into which DNA molecules 

disappear and never return.

This implies that the DNA hairpin folding reaction is not going to completion on 

the time scale probed by FCS, as has previously been thought, and that some other 

reaction is responsible for the observed sub-millisecond relaxation process. How can we 

be sure this is the case? In fact, all our observations point to this key assertion, but it can
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be explained most clearly with reference to the way the cross-correlation amplitude rises 

with added NaCl. As already discussed, sub-millisecond chemical relaxation processes 

observed by FCS do not contribute to the cross-correlation amplitude because they occur 

too rapidly to remain correlated on the FCCS time scale. Hence, the cross-correlation 

amplitude is inversely proportional to the total concentration o f all species taking part in 

the relaxation. If  the observed relaxation represented the complete hairpin folding 

reaction, then the overall concentration of DNA species involved in the reaction would 

not change on the FCS time scale. Consequently, the cross-correlation amplitude would 

remain essentially constant as the reaction progressed (Actually, there would be a slight 

decrease in the amplitude due to the dependence on Tp). The only way we can explain the 

dramatic rise in the cross-correlation amplitude with added NaCl is to assume that the 

sub-millisecond chemical relaxation observed by FCS does not represent the complete 

folding reaction. Rather there must be at least one intermediate step along the way. It is 

this intermediate reaction that causes the observed chemical relaxation, not the complete 

folding reaction. As the folding reaction progresses, the DNA species taking part in the 

observed chemical relaxation are depleted, lowering the total concentration of detectable 

DNA, raising the cross-correlation and auto-correlation amplitudes, and lowering the 

apparent number of molecules probed by PCH. At present, we cannot rule out the 

possibility that the complete reaction may be occurring on a similar time scale to the 

cross-correlation measurements (~l-ms to ~10-ms) or longer, but it is clearly not 

occurring any faster than this.

The simplest reaction mechanism that supports our observations is the three-state 

reaction:
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(4.22)

(4.23)

N x still refers to the completely unfolded DNA conformation for which the R6 G 

fluorescence is unquenched. N 2 now refers to a reaction intermediate that is stable on the 

sub-millisecond time scale of the FCS experiment. N 3 is the completely folded DNA

hairpin. We believe this final state represents a dark state in which the R6 G fluorescence 

is efficiently quenched and undetectable by PCH and FCS. The auto- and cross­

correlation functions for this three-state reaction mechanism are given by the Equation

(4.24) (See Supple. Info, for a complete derivation.):

where Ntotal is the total concentration of DNA in all its forms ( Nlolal = N 1 + N 2 + N 3); B\, 

Z?2 , 2 .2 , and 2 ,3  are different functions of the rate and equilibrium constants; and go (r), 

giiz), and gp{T) are defined in Equations (4.6-4.7), (4.9) and (4.11).

Our observations require that k\, k-\ »  kj, k_2. Accordingly, the chemical 

relaxation process observed by our FCS experiment arises from the two-state Nx ^  N2 

reaction; whereas, the N 2 ^  N3 reaction occurs on a time scale not observable by FCS 

(i.e. slower than the diffusion and flow time of molecules through the optical probe 

region). This implies that the DNA molecules fluctuate between open and intermediate 

configurations many times before the correctly folded stem-loop hairpin structure is fully 

formed. Under these conditions, G3 s(r) takes on approximately the same functional forms

G3s ( 0  - 1 = (! + Bie^  + B2eh t) So (.z )gT (?)gF <T)
2 '  t n i n ltotal

(4.24)
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as G2 s(t) in Equations (4.5) and (4.8) (See Suppl. Info.). The key differences are that N 2

now refers to the reaction intermediate, K Ffs refers to K \, zR is the relaxation time of the 

Nx ^  N 2 reaction, and £ 2  is the specific brightness of R6G in the intermediate state. The

equations for N  and eapp (Equations (4.18-4.19)) are redefined similarly.

All of the observations presented above can now be explained. Kffs  and Kme!, exhibit 

different dependences on NaCl because KFFS only describes the Nx ^  N 2 reaction; 

whereas, Kmeit describes the complete folding reaction (It should be noted that Equation 

(4.12) assumes a two-state reaction mechanism, so Kmeit may not represent the actual 

equilibrium constant for the complete reaction). At low NaCl concentrations, the 

N{ ^  N 2 reaction dominates, so K f f s  and Kmei, are essentially equivalent. As NaCl is 

added, the N2 ^  N3 reaction becomes dominant, such that Kmeit rises, while K f f s  

changes more slowly. NaCl apparently does not exert as large an influence on the 

Nx ^  N 2 reaction equilibrium as it does on the complete folding reaction. The behavior

° f  N app , £app, [GU(0)—1], and Ncc , can also be explained. The FCS and PCH

measurements are only sensitive to N v and N 2 . At low NaCl concentrations, N } and N 2 

are the dominant species, so the PCH and FCS parameters behave as expected for a two- 

state reaction. As the reaction progresses, A, and N 2 are depleted, which causes the

observed drop in N  and Nc c , and the corresponding rise in the correlation amplitudes. 

Also, because K f f s  changes slowly with added NaCl, the change in the relative 

concentrations of A, and N 2 is correspondingly slow, which explains why £app is not 

affected by the addition of NaCl.
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This three-state reaction can be quantified in the following way. At 0-M NaCl, it 

is assumed that only N { and N 2 are appreciable. [37] Hence, the total amount of DNA for

all the samples is approximately Ntotal = N x (0-M NaCl) + N 2 (0-M NaCl), which is

measured by FCS and PCH. The same procedure can then be used to measure N x (x-M

NaCl) and N 2 (x-M NaCl) for all subsequent samples. N 3 (x-M NaCl) is obtained for each

sample using N3 = Ntotal -  [nx +N2).  Figure 4.6 shows the results o f these measurements.

Our analysis can also explain the observed melting curves. We define a parameter Kmeit̂  

that can be calculated for each sample using data from our FCS and PCH analysis for 

comparison with the Kmeit values obtained directly from the melting curves. By analogy to 

Equation (4.12), we have:

where (/). is the average fluorescence count rate observed in our FCS and PCH 

experiment for a given NaCl concentration, (i) and (i) . are the fluorescence countr  °  \ /max \ /min

rates that would be observed from samples in which all the DNA was present in a 

completely open or a completely closed form, respectively. (See Supple. Info, for the 

details of calculation) . As seen in Figure 4.3A, the Kmei0 s and Kmeit values are in 

remarkably good agreement.

Previous studies on DNA hairpin formation have assumed a folding free energy 

landscape comprising two potential minima, corresponding to the random coil and the

K
( /)  - ( / )  \  /  max \ / , (4.25)

4.4 DISCUSSION
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[NaCl] (mM)

Figure 4.6 Equilibrium distribution of the three DNA hairpin conformations (iVj: blue, 

N 2: green, N3: red) determined by the three-state reaction mechanism. The unfolded and 
intermediate forms of the DNA hairpin are favored at low NaCl concentration, while the 
folded form is favored at high NaCl concentration.
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fully folded stem-loop hairpin, and a transition state ensemble of partially folded or 

misfolded intermediates. [6-9, 11-16] These intermediates states cause roughness of the 

free energy surface, but are short-lived on the time scale of the folding reaction. Recent 

atomistic molecular dynamics simulations identified some plausible intermediate 

structures in the unfolding of a small hairpin forming RNA molecule that may be present 

in the transition state ensemble.[41, 42] These simulations, together with a statistical 

mechanics model developed by Ansari et al.[6 , 9, 11], suggest a heterogeneous transition 

state ensemble consisting of collapsed hairpin-like structures in which the loop is fully or 

partially formed and the stem is held together by single native or normative base-pair 

contacts that are only partially hydrogen bonded.

Our observations suggest the DNA hairpin folding mechanism may need to be 

expanded to accommodate longer-lived reaction intermediates that do not lead directly to 

the completely folded stem-loop hairpin structure. Candidates for such species can also 

be found in the simulation studies of Sorin et al. [41, 42] From large-scale, parallel 

molecular dynamics simulation, which involves sampling a large number of constant 

temperature trajectories that total more than 500-ps of simulations for an all-atom model 

of RNA hairpin 5’-GGGC[GCAA]GCCU-3’, with continuum representation of solvent 

effects. To investigate the folding process at 300K, the simulations were started from the 

fully extended, denatured state. The majority of the folding trajectories observed by these 

authors terminated in “collapsed” structures containing native-like hairpin loops, but with 

stem structures that were misfolded in a variety of ways. This “collapsed ensemble” was 

distinct from the transition state ensemble in that a much longer reaction time (~8-ps) for
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forming the collapsed structures was observed, indicating higher stability o f these 

structures compared to those of the transition state.

We propose that the DNA folding reaction being probed by our FCS experiment 

corresponds to the formation of a collapsed ensemble of long-lived intermediates 

analogous to the ones observed in the molecular dynamics simulations of Sorin et al. [41, 

42] This seems consistent with the observations that the simulated collapse occurred on 

the same time scale as the experimentally observed reaction time for a hairpin of this size, 

and that most of the simulated folding reactions resulted in these types of structures. It 

may explain why we observe a finite value of £ 2  in our PCH measurements. Misfolding 

of the stem sequence may give rise to partial or intermittent contact between the R6G 

fluorophor and the dabcyl quencher, thereby lowering the fluorophor-quencher energy 

transfer efficiency. The formation of the completely folded stem structure occurs on a 

time scale that is too slow to be observed by FCS. Yet once formed, this structure is 

highly stable on the FCS time scale. The correctly folded hairpin structure results in 

efficient quenching of the R6G fluorescence, which is why this form of the DNA appears 

to us as a sink into which DNA molecules disappear from view.

There are some sets of experimental observations reported in the literature that 

may be interpreted in a way that supports this view of DNA hairpin folding. Grunwell, et 

al. used single-pair fluorescence resonance energy transfer (FRET) to monitor the 

opening and closing of individual immobilized DNA hairpin molecules that caused 

abrupt transitions between high and low FRET efficiency states.[43] The experiment was 

sensitive to the tens of milliseconds time scale, but not to the sub-millisecond time scale 

probed by FCS. The authors studied a larger sized hairpin structure with a longer stem,
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and with adenine residues in the loop instead of thymine. Nonetheless, the opening and 

closing times they observed were more than an order of magnitude longer than expected, 

based on extrapolating solution phase kinetics measurements to this larger hairpin size. 

These unusually long reaction times have generally been attributed to interactions of the 

DNA molecules with the surface. However, our observations suggest an alternative way 

of interpreting these measurements. The high FRET state corresponds to the fully formed 

stem-loop hairpin structure; whereas, the low FRET state may be averaged over the open 

state and an intermediate state. If our proposed mechanism is correct, much longer 

transition times in and out of the high FRET state are to be expected. Fluctuations 

between the open state and the intermediate state may be below the time resolution of the 

spFRET experiment, and would thus not be observed. Another observation can be found 

in the Liphardt et al.’s work. [44] They have used mechanical force to induce the 

unfolding and refolding of single RNA molecules, including a simple RNA hairpin, a 

molecule containing a three-helix junction, and a domain of a ribozyme. By imposing a 

constant force on the molecule, they were able to monitor the end-to-end distance 

between the two ends of the hairpin and to watch the distance hop back and forth between 

two values characteristic of the fully unfolded and the fully folded hairpin. They 

determine the folding and unfolding rates from the average lifetimes in the two states, 

and found that, at the critical force for which the opening and closing rates are same 

(~14pN in the presence of lOmM Mg2+), the folding times are —Is. The very slow folding 

times observed in these measurements, compared to the folding times of tens of 

microseconds observed in the FCS and T-jump measurements has been explained as 

effects of applied force and longer stem. However, based on our observations, we are
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interpreting these measurements in other way. The disparity between these single 

molecule experiments and the solution phase kinetics experiments may simply be due to 

the fact that the two types of experiments are probing different aspects of the folding 

reaction. The solution phase kinetics experiments are probing the ^  N 2 reaction; 

whereas, the single molecule experiment is probing the N 2 ^  N 3 reaction.

How do our observations impact the conclusions drawn from previous kinetics 

experiments regarding the energetics of DNA hairpin loop formation? On the one hand, 

the reactions being probed are still considered to be loop-forming reactions and are 

therefore valid models from which to gain insight into DNA hairpin folding. However, 

many of the conclusions drawn from these experiments are based on the temperature and 

loop size dependence of the rate constants for hairpin loop formation (k\ in Equation 

(4.4)). These constants were calculated using the measured reaction times, combined with 

equilibrium constants derived from analysis o f the melting curves. We have shown that 

when conditions favor the closed form of the hairpin, the equilibrium constant derived 

from the melting curve does not describe the reaction being probed by the kinetics 

experiment. Hence, rate constants determined in this way may be in error. Just how 

severe might these errors be? For our DNA hairpin sample under conditions of 100-mM 

NaCl, we obtain k\ = 1.12(±0.16)xl04 s"1, based on our rR and K ffs measurements for 

this sample. If we use Kmeit in our calculation, we obtain k\ = 1.53(±0.21)xl04 s_1. 

Although the use of Kmeit may overestimate the rate constant somewhat, k\ does not have 

a strong dependence on the equilibrium constant when K  > 1. When K  < 1, the reactions 

probed by the kinetics experiments are the same as the ones described by the melting
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curves. Hence, we believe conclusions drawn from the behavior o f k\ can still be 

supported.

However, conclusions regarding the reverse reaction are a different matter, 

because the k \ rate constant depends much more strongly on the reaction equilibrium 

when K  > 1. For example, our 100-mM NaCl sample gives k.\ = 4.79(±0.50)xl03 s '1 and 

k- 1  = 6.46(±0.74)xl02 s'1 using KFFS and Kme/h respectively. One area of controversy in 

the literature on the unfolding of DNA hairpins has to do with the loop size dependence 

of k-\. Some studies have found that k-\ has no dependence on loop size.[8] Other studies 

show an increase in k-\ with loop size, and still others show a decrease.[ll, 15] We 

believe these conflicts come from the fact that some experiments were carried out under 

conditions that favored the closed form of the hairpin, while others were carried out 

under conditions in which the open form was favored. Conclusions drawn from the k \ 

parameter are only valid when conditions favor the open structure. Even then, we believe 

the reaction described by k-\ pertains to the dissociation of a misfolded stem structure, 

not the unwinding of a fully intact set of base pairs. Works with different stem size- 

different number of base pairs) and loop size-DNA hairpin are currently under 

investigation in our group.

4.5 CONCLUSION

In this Chapter, we present for the first time to our knowledge, its application to 

the study of biomolecule conformational fluctuation between different species, which 

causes the changes of molecular brightness. We have shown that more detailed 

information about the DNA hairpin folding reaction can be obtained by employing a
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fluorescence fluctuation spectroscopy approach that combines auto-correlation, cross­

correlation, and PCH measurements. These measurements support a three-state reaction 

mechanism for DNA hairpin formation that consists of a rapid equilibrium between open 

and intermediate forms of the DNA, and a fully folded form that is stable on the time 

scale of our FCS experiment.(Figure 4.7) Further insight into this proposed mechanism 

could be gained by carrying out these measurements on DNA hairpins with varying stem 

and loop sizes and compositions. For example, a smaller sized hairpin with a shorter stem 

sequence may exhibit folding times for both the intermediate reaction and the final 

folding reaction that could be measured on the FCS time scale simultaneously. Also, it is 

suggested that the experimental techniques described in this paper could be employed in 

the study of more complicated biomolecule folding reactions involving RNA, DNA 

aptamers, and proteins.
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Figure 4.7 Schematic description of a three-state mechanism of DNA hairpin formation 
based on our observation
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4.6 SUPPLEMENTARY IMFORMATION

4.6.1 Derivation of three-state FCS model

For a simple fluorescent molecule, such as poly(dT)4 o ssDNA labeled with a 

fluorescence dye, the fluorescence correlation function can be expressed as,

G °(r )-l = i gl>(r)gr(r)g,,(r) (4.26)

For a molecule experiencing another reaction between two states, such as fluorescence 

fluctuation caused by folding and unfolding conformational dynamics,

(4'4)

the whole correlation function can be expressed as[30, 32, 34]

G (r )- l = (G °(r )-l)g „ (r ) . (4.27)

The conformational relaxation term gR(f) is,

S r(t ) -  l + -®e9 e x p ( - r / r j j ) ,  (4.10)

where S = Keq

2
N  k £

and K  = = Q = ^  (4.28)
N x k_x ex1 + KQ.

In the case of slow flow rate ( rF »  t r , rT ), the gR(f) term as well as g 7(T) term in cross 

correlation function are reduced to 1 .[15]

Therefore, the cross-correlation function for our experimental condition can be expressed 

as

Gc ( r ) - \  = -  1 -  g D{r)gFc{r) , and (4.29)
N x+ N 2

the corresponding auto-correlation function can be,
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°Â “ 1 = ft +jv ^ +Beq exp(~zITr̂ 8d̂ 8t̂ 8pa^ (4.30)

We found the increase of cross correlation peak amplitude as function of NaCl

Now, as the simplest reaction mechanism that supports our observations, we 

consider the FCS model of DNA hairpins experiencing a conformational change between 

three states.

We assume the diffusion coefficients of all species are equal. Also, we assume € 3  =0, so 

that our detector can not see the N} species.

In similar way, the whole correlation function can be expressed as

G(t) -1  = (G (r)° - 1)g R(t ) and then, the conformational relaxation term gR(f) can be

derived by solving the following first order linear differential equations and applying the 

procedure developed by Elson, E. and Magde, D [30-32]

concentration can not be explained by the l/(A j + A2) term.

(4.22)

where,

(4.31)

-k,  k_x 0

k\ -(k_t +k2) k_2 N 2

0  k2 -£_2 J ^ 3y

(4.32)

The eigenvalues of the differential equation matrix above are calculated as,

4  = 0

, ( 4  + k_ j + k2 + k_ 2 + cr) (4.33)
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where,

<7 = \jcx + 2kxk_x -  2kxk2 -  2kxk_2 + k_x + 2k_xk2 -  2k_xk_2 + k2 + 2k2k_2 + k_2 J

The resulting correlation function is derived as, 

g R (t) = 1 + Bx e x p (^ r)  + B2 e x p ^ r ) , 

and the two amplitude terms are expressed as

B i ,2 = Y  +  8 ,

M o - Q f + C  + K .a 2)*-,) ^ ,  -K , ( k 2a  + k,/3)where, v = — '-------------------- ;  , and o -  — 5
2(1 + K XQX)2 2a{\  + K XQX)

a = { ( A -  K ; K : ) 0 ;  - 2 (A + K,K2)Q, + A - K , )

/] = ( (A -2 )Q ,2+ 2 ( \+ K 2)Ql - ( l  + K1f )

A = (l + K x+ K xK 2)

- K x ( ( A - K x2K 2)Qx2 - 2 (A + K xK 2)Qx + A - K 2)

2(i + k x)(1 + k xq x)2

From the correlation function, we found some characteristic values such as auto­

correlation amplitude, [G a (0 )-1 ]:

i

1 + Bx + B2 1 + 2 y
AT AT -t. AT a . AT
l y  total l y \ ^  J y 2 ^  l y l

A(KXQX +1) _ N xs x + N 2s2 _  1
(Nx+ N 2 + N 2){\ + K xQxf  (Nxs x + N 2s 2) N ai 

if Qi = 0, so that, only N x is detectable, the amplitude becomes

G, (0) - , _ ^ - = f l ± £ ± * S > = i  .
N N  Nl y  total l y  total JV1

and the relaxation time for the whole reaction of conformational change:
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(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)
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where, -A2 < -A, < kR.

The whole correlation function has following functional form.

G(t ) - 1 = - J — ( l + Bl exp(AjT) + B2 exp(Ag-r)) g D(r)gT (r)gF (r) (4.45)
^  total

Now, we suggest that the second reaction is very slower process (i.e. k. 2 «  h ,  k. 1) . In

this case, A, « 0 , A3 « - k R = ~{kx +k_x),  and gR(f) becomes

g R (t ) = 1 + By + B2 exp( - k Rr) (4.46)

and the correlation functions become,

G(t) - 1  = (1 + 5 1) l + T ^V exp(-A fllr)  ,

. 1 +  B \ J
(G °(r)-1 ) (4.47)

Gc( r ) - l  = So(r )gPe(T) = jrT 1 jrr S d(r )gFc(?) (4-48)
K oto , N X + N 1

° A W  ~ 1 =  tTt 1 at  +  exP(- V ) )  S o  ( t ) S t  ( * ) S f o  ( t )  (4-49)n x+ n 2

where, Beq = K] C]_
0  + * ,0 ,

Now, we find the cross correlation amplitude depends on N l + N 2, not on

(=  /V, + N2 + jV3), and can explain the increase of peak amplitude and all the 

behaviors of parameters observed in our FFS experiments.

(4.50)
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4.6.2 Combined approach of PCH and FCS analysis

The photon counting histogram (PCH) analysis is based on the observation 

volume profile, W(r). The probability of detecting k  photons (k  > 0) from one fluorescent 

molecule in a sufficiently large reference volume V0, is given by:

P(l) (k~, V0,e) = —  ^Poisson [k, s  ■ W (r )]dr (4-51)

In the theory for one-photon excitation FCS, W(r) is approximated by a 3D Gaussian 

function Wa(r)\

WG(r) = exp
f  2 2 2 \

2 2 
V z o J

(4.52)

Chen et al. proposed the PCH integration using the 3D Gaussian approximation.[45] 

p iS ( k - M = ’̂ f - f  r ^ , e e t' ' )dx  (4.53)
V qk  .

However, the PCH model simply based on this approximation is found to be inadequate 

for fitting experimental data obtained from a confocal setup with one-photon excitation. 

Perroud et al. proposed a modified model, which is based on the correction to the 

observation volume profile for the out-of-focus emission by introducing additional Fj 

terms [20]:

1+E
p il)(k;q,s)= p {l)( t q  £) + —  V   s jF

P g {  , q * q k \ U u - m v f 2 J
(4.15)

(i+ F ,r

Fluorescent intensity is given by,

< /  >= Ce ^W(r)dr = Cecox (4.54)

And the observation volume is
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, where C0 j (4.55)

The corresponding particle number in V is

2

N  = —!—C (4.56)

Therefore, the fluorescent intensity is given by

< I  >=y2N  a , (4.57)

where, y2
2V2

1
(4.58)

The PCH for the multiple independent species can be obtained by convoluting the PCHs 

o f individual species:

Originally, we used a simple assumption, which is a two-state model: The 

conformational states of our DNA hairpins can be distinguished according to the status of

resolve a binary mixture of molecules that differ in their molecular brightness. (See 

Section 4.6.3). If the two species model could resolve the different conformational states, 

we can directly calculate the equilibrium distribution of the different conformational 

states, K  and their relative fluorescence intensities, Q. However, we could not directly 

resolve the two different states o f DNA hairpins using two-species PCH model. [46](See 

Section 4.6.4) Our FCS analysis shows the clear evidence for the fluorescence intensity

P(k; N { N n ,en) = P(k; A, ,£,) ® P(k\ N 2, s 2) ® ••• ® P(k; N n, sn) (4.59)

In this situation, the fluorescent intensity is given by

n

(4.60)

their molecular brightness, “bright” and “dark”. In our experimental condition, we could
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fluctuation caused by conformational changes. Therefore, we conclude that our PCH 

analysis determine an apparent brightness, eapp and apparent number of molecules, N  , 

which are defined by[38, 39]

By definition, N  is equal to the inverse value of auto-correlation amplitude at time 0.

In our experiments, these two values are well matched within ~7% error. The small 

difference may be caused by geometrical factors, such as deviation o f observation profile, 

W{r) from the 3D-Gaussian function. There are also some ways of correction for it, which 

take non-ideal detector properties (i.e. afterpulsing, dead time) or other photophysical 

properties (i.e. triplet blinking) with effect o f detection time bin into account. [47-49] We 

found the small difference between N  and [ ( ja (O )-I ] '1 have negligible effect in our

distribution analysis. (See Table 4.3 in Section 4.6.4)

The fluorescent intensity in the case of two component system is given by

(4.18)

(4.19)

(4.61)

< I  >= y2N app£app = y2(N &  + N 2s2) . (4.62)

From this equation, we have following relationship;

(4.63)
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In the FCS analysis, one can only determine an amplitude factor, B eq, which is a function 

of Kf f's and Q. In order to determine actual Kffs from FCS analysis, the simultaneous 

determination of Q is essential.

We developed a new distribution analysis using combined measurement of FCS and 

PCH.

First, the amplitude factor Beq is defined by,

B eq ~  K-ffs
1 - 6

l + KQ
NlN 2(s x- £ 2)2 
{NA  + N 2s 2)2

(4.13)

From the Equations (4.13), (4.18-4.19), and (4.63), the analytical expressions of the 

parameters ( A, , N 2,€i, € 2 , then, K f f s  and Q) can be derived as following;

N  £jy _ aPP app

1 f  (2 (f l £ a p p )-I-
B.

(4.20)

eq J

6  =  1-

K ffsQ  -

(gl 8  app ) ̂ a p p  £ app

S \ { ^ a p p £ app

{Nappsapp - N y£l)

NA

K ffs
K ffsQ

Q

(4.64)

(4.65)

(4.66)

In order to get a numeric value of the parameters, we need at least one known parameter. 

In this analysis, we use the molecular brightness of R 6 G-DNA as 6 1 . We found the R 6 g- 

DNA has same molecular brightness in the solutions of different NaCl concentration. 

Alternatively, once N x is determined in Equation (4.20), the equilibrium constant Kffs

can also be determined using N cc -  N x + N.2 ’
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The evaluation of both procedures gives consistent results.

4.6.3 PCH analysis of model two-state system

PCH analysis was performed using our model two-state system, which consists of 

R6G-DNA and Cy3-DNA. First, PCH analysis of pure single component solutions 

measures the number of molecules N R6g, N CI , and molecular brightness, eR 6, ec 3.

Then, a mixture containing both components with equal volume was prepared and 

analyzed under same experimental condition. With two-species fitting, the numbers of 

molecule and corresponding molecular brightness show good agreement to the expected 

values from preparation of sample mixture; molecular brightness unchanged and the 

numbers of molecule halved upon mixing. Much better x2 value from two-species fitting 

indicates the presence of two species in the sample. With one-species fitting, the 

unreasonable F  value or much bigger y2 when F  is fixed shows that one-species model 

fails.
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Figure 4.8 PCH analysis of model two-state system
Experimental PCH data and fitting curves with one-species model (dotted line) and two- 
species model (solid line). The corresponding normalized residues are shown below.
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Table 4.2 Parameters from PCH analysis of model two-state system

N € F *2

r6g-poly(T) 2.19(03) 0.590 (15) 0.732 (36) 0.663

cy3-poly(T) 9.78 (33) 0.148 (04) 0.519 (29) 1.15

mixture
1.10(36) 
5.68 (66)

0.564 (77) 
0.149 (07)

0.653 (33) 1.19

*(one species model) 4.74 (06) 0.392 (28) 1.15 (05) 2.01

4.67 (08) 0.306 (05) 0.653 ‘ (fixed) 18.4
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4.6.4 PCH analysis of DNA hairpin sample

PCH analysis was performed using our DNA hairpin samples in various 

concentration of NaCl solution. Table 4.3 shows a representing data for DNA hairpin 

sample in lOOmM NaCl buffer solution. Both one-species model and two-species model 

give similar x2 from fitting, therefore, we could not directly resolve different species 

using two-species fitting. [46] We also test the effect of detector non-ideality (i.e. dead 

time, under our experimental condition, the afterpulse effect is negligible.) and faster 

processes (i.e. triplet-state formation). From triplet blinking correction, a little bit better 

match between N  and the inverse o f  [G a(0)-1 ] was observed. However, negligible 

effects are observed, overall.
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Table 4.3 Parameters from PCH analysis of DNA hairpin sample

N € F /
o n e  s p e c i e s

(dead time correction)* 
(triplet blinking correction)*

1.54 (03)

1.50 (02) 
1.66 (31)

0.539 (31)

0.559 (06) 
0.514 (23)

0.732 (54) 

0.793 (17)

1.75

2.23

tw o  s p e c i e s
0.72 (16) 
0.98 (25)

0.61 (14) 
0.26 (12)

0.71 (16) 1.69

[G(0)-1]'1 1.65 (01)
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4.6.5 Expected behavior of parameters

Based on the information in previous section, we calculate the behavior of 

parameters in Figure 4.5, which would be expected in a two-state system[40].

In Figure 4.5 A, We represent the fraction of folded DNA hairpins ( / )  on the x- 

coordinates, which corresponds to Kmeit for each NaCl concentration as following:

K  Nf  = melt x (4.67)
(1 + * - )  ^ ,+ N ,

Then, the fraction,/and the measured values of 6; (= 0.59) and € 2  (—0.1) were applied to 

the Equations (4.68-4.71) to predict the behavior of corresponding parameters, such as:

Ga (0) -1  = ^  + -  N cc (1 ~ f  )£]2 + f £ l \  (4.68)
( N f t + N & f  " ( ( I  - f ) e l + f s 2 f

N  (4.69)
^  N cc (1 - f ) e ? + f e 22

= (1 f ) £ { + f£ 2 
app (1 - f ) s l+ f s 2

< I> = y2N cc( ( \ - f ) £ l+ f s 2) (4.71)

and, N l +N2 = N cc

Because we used constant DNA concentration, N cc is fixed to a constant value equal to 

the sum of N { and N 2 which is calculated from FFS analysis o f 0M NaCl case.

For model two-state system, (Figure 4.5B), the x-coordinates represent fraction of Cy3- 

DNA which is given according to the procedure of sample preparation. The predicted 

behavior of parameters was calculated in similar way. Flowever, it should be noted that
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the model two-state system does not have a chemical reaction given by Equation (4.4), 

thus, the correlation functions in Equations (4.29) and (4.30) are changed as following:

G c (r ) - 1  = T f —  g o ( r )gF C(0 >a n d  (4 -7 2 )
N aPP

GA{T )- \ = ^ — g D{r)gT{T)gFa{T) (4.73)
app

Therefore, the observed N cc behaves same way as N  . The experimental data of N ,

s  , and N x + N 2 were determined using fitting parameters from two-species PCE1

analysis.

4.6.6 FFS experiments with varying sample concentration

DNA hairpin samples were in the various concentration of NaCl solution(0, 5, 10, 

25, 50, 100, 200, 500mM). Each sample concentration was adjusted to achieve constant 

fluorescence signal counts (~39kHz). Samples for the model two-state system were 

prepared by mixing two stock solutions containing only one component (R6g-DNA or 

Cy3-DNA), each. The concentrations of both stock solutions were adjusted to achieve 

same signal counts rate (~40kHz), thus, the resulting mixtures showed same strength of 

signal. Figure 4.7 shows the experimental results. The predicted behavior of parameters 

was calculated in similar way as one described in previous section (Equations (4.68)- 

(4.71)). One difference is that because each sample has different concentration, the value 

of N cc is not fixed to a constant but obtained from measured parameter from cross

correlation curve fitting. The model system exhibited precisely the behavior that would 

be expect for a two-state system, while the DNA hairpin samples exhibited behavior that
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was anomalous for a two-state system. From the observation, we could exclude the 

possibility o f detector saturation artifacts in our experiments.
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Figure 4.9 FFS analysis of experiments with varying sample concentration
FFS data of DNA hairpin sample (A) and model two-state system (B) are shown with
curves representing expected behavior of each parameter (dotted lines).
Signal intensity < I>  was equal for all the samples in each experiment.
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4.6.7 Calculation of KmeUt 3S

In order to explain the observed melting curves of DNA samples, we define a 

parameter Kmeit̂  as

( I )  - ( / )K  -  ' /max x '< (A 251
^  m e l t ^ S , i  / j \  _ / j \  ’

\  f  i \  /  min

where, (/). is the average fluorescence count rate observed in our FCS and PCH 

experiment for a given NaCl concentration. (I ) and (i) . are the fluorescence count
r  °  \  I max \ / min

rates that would be observed from samples in which all the DNA was present in a 

completely open or a completely closed form, respectively. Therefore, (/) is given by

7 2 ^ t o t a l £ 1 » where / 2 = V  + F ' l  ■ In Same Way> (/ )m,n Can be given by V l N t o t a l ^  ■
2V2 ft + Al

However, the molecular brightness of a completely closed form, s3 is not determined 

thus, (/) is taken to be approximately equal to the photocount rate calculated from (/ 

o f the 500-mM NaCl sample and corresponding melting curve:

7(5° C)
I  >min < I  > N aC l-500m M  X (4.74)

N a C l-5 0 0 m M
7(19° C)

In Figure 4.3 A, the calculated Kmeit,3 s are compared with Kmei, values obtained directly 

from the melting curves and show remarkably good agreement.
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4.6.8 Checking salt effects on dye property

In order to verify that our observations are not artifacts caused from interaction of 

dye in higher ion concentration, we performed another control experiment by monitoring 

fluorescence intensities of various DNA samples as function o f NaCl concentration in the 

buffer solutions. (Figure 4.10) We found only DNA hairpin dual labeled with dye and 

quencher at the ends shows dramatic changes in fluorescence intensity. DNA hairpin and 

poly T molecules with only fluorescence dye at the end, do not show any significant 

changes. It supports the fact that fluorescence quenching results from dye-quencher 

interaction, not from salt effects on the dye properties, especially in the case of higher 

NaCl concentration. Although fluorescence quenching by guanine moiety in the DNA 

molecules are well known, the present control experiments show that the effect is not 

significant in our sample system, thus, the possibility can be excluded safely.
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Figure 4.10 Fluorescence Intensity measurements as function of salt concentration in the 
buffer
Only dye-quencher dual labeled DNA hairpin shows dramatic changes in fluorescence 
intensity, while single dye labeled molecule (DNA hairpin and poly T) do not show the 
change.
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4.6.9 Programming code for the PCH analysis (Matlab)

% FC 11 fitting for one-photon excitation, m odified  since 05/30/04 
function f it t in g  =  pch

% C hoose  data file
[fnam e,pnam e] =  u ig e tf ile ( '* .*y S e ie c i d a t a  f i le ' ) ;

% C hoose  channel to analyze 
pch =  input( 'channel 10 analyze : ') ;
%  'O' if  no pch fitting,
% T  for first channel fitting,
% '2' for second channel fitt ing

% C hoose  analysis mode 
epch =  1;
% 'O' i f  only pch fitting,
%  '1' for other information (i.e. count rate)

% % % % % % % % % % % R eading data o f  the c h a n n c l% % % % % % % % % % % % % % % % % % % % % % % % % % 2
% Establish ing data matrix
G te m p= []; % PC H  data
G tem p2=[]; % co un t rate data
G tem p3= [];

f=Q;

% O pening  data file for read ing  
fid= fop en (fna m e);

% R cad ing  other part o f  the data  file (FCS part) 
for j= l:1 0 5  

s tr= fg e tl(fid ); 
end

% R e a d in g th e  PCH data
cm p=0;

g = i;
w h ile  cm p ~ =  1 

s tr= fg e tl(fid ); 
cm p=strcm p(str,"); 
i f  cm p ~=  1 

G t =  str2num (str); 
i f  G t(pch+1) <  1 

cm p =1; 
cm ax =  g-1; 

end
G te m p = [G te m p ;G t]; 

g = g + i;  
end 

end

% R cad ing  the rest o f  PCH data  
for j= l:2 0 -c m a x  

s tr= fg e tl(fid );
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end

% R ead ing  the Count-ra te  data 
i f  epch = =  1 

for j = 1:3 
s tr= fg e tl(fid ); 

end 
cm p=0;
while cm p ~=  1 

s tr= fg e tl(fid ); 
cm p=strcm p(str,’'); 
i f  str = =  -1 

cm p =  1; 
end
i f  cm p ~=  1 

G tem p2= [G tem p2;s tr2num (str)];
end

end
end
sta tus= fc lose (fid );

% % % % % % % % % % % % % % % Experimenatal P C H % % % % % % % % % % % % % % % % % % % % % % % % 0/ 
%Hstablishing PCH
pc =  G te m p ( l:c m a x , l) ;  % th e  x axis o f  PCH, 'k' 
h is _ l =  G te m p(l:cm ax ,p ch+ 1 ); % the y axis o f  PCH 'counts'  
h is to t l= s u m (h is _ l) ;  %  total num ber o f  data points,'M' 
h is l= h is _ l/h is to t l ;  % norm alized  'counts ' (probability, 'p') 
h i s l l l = l - h i s l ;  %'q'
h is l l= s q r t ( h is l . * h is l l l . /h is t o t l ) ;  %signta = sqrt(M *p*q)

I=m ean(G tem p2); %  A verage fluorescence intensity 
nc= cm ax - 1; % m axim um  value o f 'k'

% Sho\ving the PCH 
close all 
i f  pch = =  0 

f ig u re ( l)
sem ilog y (p c ,h is l, 'k .')
return

end

% % % % % % % % % % % % % % % % % C o n tro l  P a n c l% % % % % % % % % % % % % % % % % % % % % % % % % % %  
% C hoosc  the PCI I lilt ing mode 
npch =  inpu t('P C l 1 m o d e  : ');
% '1' for one species fitting,
% '2' for two species fitting with FCS constraint,
%  '3' for two species (no FCS constraint)

% ln pu t  initial guess values for the PCH fitting 
eO=input('moleciiiar brightness o f  species 1 : '); 
e20=input( 'm olccular b rightness o f  species 2 : '); 
NO=input( 'iuimber o f  species 1 : ') ;  
N 20=input( 'num ber o f  species 1 : ' ) ;
F0=input( 'F  value : ');

% C hoose  F property
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F flx  =  inpu t('F  value is fixed ? : '); 
% '()' i f  F is no! fixed,
% ' 1' i f  F is fixed to FO

bod=2.0; % fit t in g  boundary  factor

ta u l= 0 :n c ;
p0 = [e0 ;F 0 ;N 0 ];
l_b=[eO /bod;FO/bod;NO /bod]; % low cr boundary  
u_b=[eO *bod;FO *bod;N O *bod]; % upper boundary  
d=num el(pO ); % degrcc  o f  freedom 
i f  F fix  = =  1 

l_b= [e0 /bod ;F 0*0 .9999999999 ;N 0/bod ]; 
u_b=[eO *bod;FO * 1.0000000001 ;N 0 *b o d ]; 
d = d - l;

end

f ig u re ( l)  
s u b p lo t(2 , l, l)  
se m ilo g y (p c ,h is l, ’k .') 
ho ld  on

% % % % % % % % % % % % % % O n e  species PCH F i t t in g % % % % % % % % % % % % % % % % % % % % % % % %  
i f  npch = =  1

[p,resnorm ,residua l,ex itflag ,outpu t,lam bda,jacob ian ] =  lsq cu rve fit(@ fid a ,pO ,pc ,h is l,l_b ,u _b ,[],n c );
F m = fid a (p , tau 1 ,nc );
E c = p ( l) ;
N c= p (3 );
F c=p(2);

0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  C ' . i  I / .  i i l  •! tn  '  ( , n / x n i A t n o  f o / . - t v x r  n - ,0  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 /  0 // o /o  / o / o / o  /o  / o / u / o / o  / o /o  / u  / o L  tU C ll id lL  g t O l l l C l i  I t  TdCTOt g d l l i m d  / o  / o  / u  /o  /o  / u  /o  / o / o / o  / o /() /o  / o / o  / o  / u

i f  epch ==  1 
G tem p2=G tem p2(: ,pch);
I=m ean(G tem p2); % averagc intensity. '<k>'
1=1( 1);
g a m m a l= I(p c h )* ( l+ F c ) /(N c *E c *  1000/9);

% % % % % % % % % % % % % %  Correction for tr iplet state fo r m a t io n % % % % % % % % % % % % %
% Cboose values from FCS analysis

tau =  inpu t('tim eb in  o f  P C I! in us : ') ;
tau t =  in p u t( 'tr iplot re laxa t ion  tim e in us : ');
T  =  inpu t('Teq in FCS analysis : ’);
g a m m a tr i= l+ 2 *T * ta u t/( ta u * ( l-T ))* ( l- ta u t* ( l-e x p (- ta u /ta u t) ) / ta u );
N _ 0 = N c * gam m atri;
E _0=E c/gam m atri;

% % % % % % % % % % % % % C a lcu la t io n  o f  G(0) based on m o m en t a n a ly s is% % % % % % % % % % % % %  
G tem pp=G tem p2.*G tem p2; %k2 
I2=m ean(G tem pp); % <k2>
G tem p3=G tem pp-I2 ;
I3=m ean(G tem p3); %<delta 1<2> 
g z e ro = I3 -I/(I) 

end

% % % % % % % % % % T w O -sepc ies  fitting with FCS C o n s t r a in t% % % % % % % % % % % % % % % % % % % % %  
else i f  npch = =  2
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B  =  input('Beq in FCS analysis : ');
N t=  inpu t('N cc in FCS analysis : ');

pO=[eO;FO;NO];
l_b=[eO/bod;FO/bod;NO/bod];
u_b=[eO *bod;FO *bod;N O *bod];
d=numel(pO);
i f F f i x = =  1

l_b= [e0 /bod ;F 0*0 .9999999999 ;N 0/bod ]; 
u_b=[eO *bod;FO* 1.0000000001 ;N 0 *b o d ]; 
d = d - l;  

end

[p ,resnorm ,res idua l,ex itflag ,outpu t,lam bda,j acobian] =
Isqcu rve fit(@ fida2,p0 ,pc,h is  1 ,l_b ,u_b ,[],B ,N t,nc );

F m = fid a2 (p ,ta u l ,B ,N t,nc);
c i =  n lpa rc i(p ,res idua l j  acobian); % confidentia l interval 
E l= p ( l ) ;
N l= p (3 ) ;

F=P(2)J
N 2 = N t-N l;
K = N 2 /N 1 ;
E 2=E  1 * (  1 -s q rt(B /K )) /(  1+ sq rt(B  * K ) ) ;
Q =E2/E1;
B B = K *  ((1 -Q )/( 1 + K *Q ))  A2 ;

% % % % % % % % % % % % % % % % % Tw o-species  fitt ing w ithout FCS e o n s t ra in t% % % % % % % % % % % % %  
else i f  npch —  3 
p0= [e0 ;e20 ;F0 ;N 0;N 20 ]; 

l_b= [e0 /bod ;c20 /bod ;F 0 /bod2 ;N 0/bod ;N 20/bod ]; 
u_ b= [e0 *bo d ;e2 0*b od ;F 0*bo d2 ;N 0 *b od ;N 2 0*bo d ]; 
d=num el(p0); 
i f  F f ix  = =  1

l_b= [e0 /bod;e20/bod;F0*0 .9999999999 ;N 0/bod ;N 20 /bod ]; 
u_ b= [e0*bo d ;e2 0*b od ;F 0* 1.0000000001 ;N 0 *b o d ;N 2 0 *b o d ]; 

d = d - l;
end
[p,resnorm ,res idua l,ex itflag ,outpu t,lam bda,jacobian ] =  

lsq cu rve fit(@ fid a3 ,p 0 ,pc ,h is l,l_b ,u_b ,[],nc ,N t);
F m = fid a 3 (p ,ta u l,n c ,N t);
E l= p ( l )
E 2=p(2)
N l= p (4 )
N 2=p(5)

F=P(3)
K = N 2/N 1
Q=E2/E1
B B = K *  ((1 -Q )/( 1+ K *  Q )) A2
end

end
end
c i =  n lpa rc i(p ,res idua ljacob ian ); %confidcntia l interval
resn l= re s id u a l./h is l 1;
re s n 2 = re s n l.* re s n l;
resn=sum(resn2);
resn=resn/(nc-d);
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f ig u re ( l)  
s u b p lo t(2 , l, l)  
sem ilogy(tau l,F m ,'i ')  
h o ld  on 
su b p lo t(2 ,l,2 ) 
p lo t(ta u  1 ,-rc s n l,: :  ) 
ho ld  on 
end

% % % % % % % % % % % % % % S u b ro u t in e s% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % °/( :  
% % % % % % % % %  lo r  One species PCH % % % % % % % % % % % % % % % % % % % %  
function F ID A  =  fida (p ,tau l,nc)
Q =6; %  an arbitrary n u m ber  
N m = flo o r(4 + Q *p (3 )+ 5 *s q rt(Q *p (3 ))) ;
P r= []; P rom = []; P o iN = []; P o= []; P rm = [];

%C’alculation o f  single particle function
fh a m e -epsilon'; %prec.alculatcd probability function
eps0=0.01; % m in im u m  E
ep s in t= lo g l0 (1 .0 1 );
G te m p= [];

% O pen in g  file for reading 
fid= fop en(fna m e, V ) ; 
for j= l in e  

s tr= fg e tl(fid );
G t =  str2num (str);
G tem p= [G tem p;G t] ;
P0=0;
Po=[Po;P0];

end
in d e x= flo o r((p ( 1 )-epsO)/epsint);

%  Linear interpolation 
g g l= G te m p (:, in d e x ); 
ggu=G tem p(:, index +  1); 
lower=epsO +index* lo g  10( 1.01); 
upper=epsO +(index+ l ) * lo g l0 ( l  .01); 
ra tio  1 = (upper-p ( 1))/(upper-low er); 
ra tio 2 = (p ( 1 )- lo w e r)/(u p p e r-lo w e r); 
g g = g g l*ra tio  1 + g g u *ra tio 2 ; 
sta tus= fc lose(fid);

% correction o f  out o f  focus beam
P ro lk = p ( l) *p (2 ) /(Q *2 *s q r t(2 ) ) ;
g g ( l)= g g ( l)+ P ro lk ;
P r= g g ./(( l+ p (2 ))A2);
P o = [ l;  Po]; % no-particle probability function 
P rO =l-sum (P r);
Pr=[PrO ;Pr] ; %  one particle probabili ty function

%Poisson function  fo r N 
N = 0 :N m + l;

P o in  =  po issp d f(N ,Q *p (3 ));
P o iN =  Poin';
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% C onvo lu tion  for m u lti particle probability 
N = l;
P r l= P r; 
fo r N = l:N m  

P rc= co n v (P rl,P r);
P r_ 2 = P rc ( l:n c + l) ;
P rm = [P rm  P r_2 ];
P r l= P rc ;

end
P rm =[P o Pr P rm ];
P ro b l= P rm *P o iN ;
F ID  A  =  P ro b l;
end

%%%%%%%%%%%fo r  T w o species PCH with FCS constraint %%%%%% %%<! 
function  F ID A  =  fida2 (p ,tau l,B ,N t,nc)
N 2 = N t-p (3 );
K = N 2 /p (3 );
E 2=p( 1 ) * (  1 -s q rt(B /K )) /(1 +sqrt(B  * K ) ) ;
Q =6;
N m = flo o r(4 + Q *N t+ 5 *s q rt(Q *N t)) ;
P r l= [ ] ;  P r != [ ] ;  P ro m = []; P o iN l= [ ] ;  P o iN 2 = []; P o = []; P ch2= [];

fn a m e -e p s ilo n ';
eps0=0.01;
ep s in t= lo g l0 (1 .0 1 );
G te m p= []; 
fid= fopen(fnam e, V ) ; 
fo r  j= l : n c  

s tr= fg e tl(fid );
G t =  str2num (str);
G tem p= [G tem p;G t] ;
P0=0;
P o=[Po;P0];

end
index=floo r((p (l)-epsO )/eps in t); 
index2=floor((E2-epsO )/epsin t); 
gg l= G tem p(:, index); 
ggu=G tem p(:, index +  1); 
lower=epsO +index* lo g  10(1.01); 
upper=epsO +(index+ l ) * lo g l  0(1.01); 
ra tio  1 = (upper-p ( 1))/(uppe r-low er); 
ra tio 2= (p ( 1 )- lo w e r)/(u p p e r-lo w e r); 
g g = g g l*ra tio  1 + g g u *ra tio 2 ; 
gg l2=G tem p(: ,index2 ); 
ggu2=G tem p(:,index2 +  1);
Iower2=eps0+ index2 * lo g  10(1.01); 
upper2=eps0+(index2+1 )* lo g  10(1.01); 
ra tio  12= (upper2-E 2)/(upper2-low er2); 
ra tio22=(E 2 -low er2)/(uppe r2-low e r2); 
gg2=gg l2  *ra tio  12+ggu2 *ra tio 2 2 ; 
sta tus= fc lose(fid);
Pro 1 k= p  (1) *p (2 )/(Q  *  2 *  sq rt(2 )); 
g g ( l)= g g ( l)+ P ro lk ;

Pr l =gg-/((1 +P(2))A2);
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P o = [ l;P o ] ;
P rO = l-su m (P rl) ;
P r l= [P rO ;P r l] ;
P ro lk 2 = E 2 *p (2 )/(Q *2 *s q rt(2 )) ;
gg 2 ( l)= g g 2 ( l)+ P ro lk 2 ;
P r_ l = gg2./( ( l+ p (2 ) )A2);
P r02= 1 -sum (Pr_ 1);
P r_ l= [P r0 2 ;P r_ l] ;

N = 0 :N m + l;
P o in l =  po issp d f(N ,Q *p (3 ));
Poin2 =  p o issp d f(N ,Q *N 2 );
P o iN l=  P o in l';
P o iN 2=  Poin2 ';

N = l;
P r lt= P r l;  P rm = [];P r2 t= P r_ l; P rm 2= []; 
fo r  N = l:N m  

Prc=conv(P r 1 t,P r 1);
Prtem p=Prc( 1: n c + 1);
P rm = [P rm  Prtem p];
P rlt= P rc ;
P rc2=conv(P r2t,P r_ 1);
P r2 te m p = P rc 2 (l:n c + l);
P rm 2= [P rm 2 P r2tem p];
Pr2t=Prc2;

end
P rm =[P o P r l P rm ];
P ro b l= P rm *P o iN l;
P rm 2=[Po Pr l  P rm 2];
P rob2=P rm 2*P o iN 2;

%T\vo species PCI I 
Pch=conv(Prob 1 ,P rob2);
Pch2=Pch( 1 :n c+ 1);
F ID A  =  Pch2;
end

% % % % % % % % % % % % T\vo-species PCH  fitt ing w ithout FCS c o n s t ra in t% % % % % % % % H 
function F ID A  =  fida3(p ,tau l,nc ,N t)

Q=6;
N m = flo o r(4 + Q *N t+ 5 *s q rt(Q *N t)) ;
P r l= [ ] ;  P r_ l= [ ] ;  P ro m = []; P o iN l= [ ] ;  P o iN 2 = []; P o = []; P ch2=[];

fn a m e -epsilon';
eps0=0.01;
ep s in t= lo g l0 (1 .01 );
G tem p= []; 
f id= fop en (fna m e ,'r); 
fo r  j= l :n c  

s tr= fg e tl(fid );
G t =  str2num (str);
G tem p= [G tem p;G t] ;
P0=0;
P o=[Po;P0];

end
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in d e x= flo o r((p ( 1 )-epsO)/epsint); 
in de x2= floo r((p (2 )-eps0 )/eps in t); 
gg l= G tem p(:, in d e x ); 
ggu=G tem p(:, index  +  1); 
low er=epsO +index*log  10(1.01); 
upper=ep s0+ (index+  l) * lo g l0 (1 .0 1 ) ;  
ra tio  1 = (upper-p ( 1 ))/(up pe r-low e r); 
ra tio2= (p( 1 )- lo w e r)/(u p p e r- lo w e r); 
gg = g g l*ra tio  l+ g g u * ra tio 2 ; 
gg l2=G tem p(: ,ind ex2 ); 
ggu2=G tem p(:,index2 + 1 ) ;  
Iow er2=eps0+ index2* lo g  10(1.01); 
upper2=ep s 0 + ( in d e x 2 + l)* lo g l0 (1 .0 1 ) ; 
ra tio  12= (up pe r2 -p (2 ))/(upper2 -low e r2 ); 
ra tio 22= (p (2 )-low er2 )/(upper2 -low e r2 ); 
gg 2= gg l2 *ra tio  12+ gg u2 *ra tio 22 ; 
s ta tus= fc lose (fid ); 
P ro lk = p ( l) *p (3 ) /(Q *2 *s q r t(2 ) ) ;  
g g ( l)= g g ( l)+ P ro lk ;  
P r l= g g ./ ( ( l+ p (3 ) )A2);
P o = [ l;  Po];
P rO = l-s u m (P rl) ;
P r l= [P rO ;P r l]  ;
Pro 1 k 2 = p (2 )*p (3 )/(Q *2  *  sq rt(2 ));
g g 2 ( l)= g g 2 ( l)+ P ro lk 2 ;
P r_ l= g g 2 ./( ( l+ p (3 ))A2);
P r02 = 1 -sum (P r_ 1);
P r_ l= [P r0 2 ;P r_ l]  ;

N = 0 :N m + l;
P o in l =  po issp d f(N ,Q *p (4 ));
Poin2 =  po issp d f(N ,Q *p (5 ));
P o iN l=  P o in l ';
P o iN 2 =  Poin2 ';

N = l ;
P r l t= P r l ;  P rm = [];P r2 t= P r_ l; P rm 2= []; 
f o r N = l:N m  

P rc=conv(P r 1 t,P r 1);
P rtem p= P rc(l :n c + l) ;
P rm = [P rm  Prtem p];
P rlt= P rc ;
P rc2=conv(P r2 t,P r_  1); 
P r2 tem p=P rc2 (l :n c + l) ;  
P rm 2=[P rm 2 P r2tem p];
Pr2t=Prc2;

end
P rm =[P o P r l P rm ];
P ro b l= P rm *P o iN l;
P rm 2=[P o Pr l  P rm 2]; 
P rob2=P rm 2*P o iN 2;

Pch=conv(Prob 1 ,P rob2);
P ch2=P ch(l :n c + l) ;
F ID A  =  Pch2;
end

188

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.7 REFERENCE

1. Cantor, C.R. and P.R. Schimmel, Biophysical Chemistry: the Behavior o f  
Biological Macromolecules. 1980, Freeman: New York.

2. Tyagi, S. and F.R. Kramer, Molecular Beacons: Probes that Fluoresce upon 
Hybridization. Nature Biotechnology, 1996.14: p. 303-308.

3. Bonnet, G., et al., Thermodynamic Basis o f  the Enhanced Specificity o f  Structured 
DNA Probes. Proc. Natl. Acad. Sci. USA, 1999. 96(11): p. 6171-6176.

4. Liu, X. and W. Tan, a Fiber Optic Evanescent Wave DNA Biosensor Based on 
Novel Molecular Beacons. Anal. Chem., 1999. 71: p. 5054-5059.

5. Wang, X. and W.M. Nau, Kinetics o f  End-to-End Collision in Short Single- 
Stranded Nucleic Acids. J. Am.Chem. Soc., 2004.126: p. 808-813.

6. Ansari, A., S.Y. kuznetsov, and Y. Shen, Configurational Diffusion Down a 
Folding Funnel Describes the Dynamics o f  DNA Hairpins. Proc. Natl. Acad. Sci. 
USA, 2001. 98: p. 7771-7776.

7. Bonnet, G., O. Krichevsky, and A. Libchaber, Kinetics o f  Conformational 
Fluctuation in DNA Hairpin Loops. Proc. Natl. Acad. Sci. USA, 1998. 95: p. 
8602-8606.

8. Goddard, N.L., et al., Sequence Dependent Rigidity o f  Single Stranded DNA. Phys. 
Rev. Lett., 2000. 85: p. 2400-2403.

9. Kuznetsov, S.V., et al., A Semiflexible Polymer Model Applied to Loop Formation 
in DNA Hairpins. Biophys. J., 2001. 81: p. 2864-2875.

10. Senior, M.M., R.A. Jones, and K.J. Breslauer, Influence o f  Loop Residue on the 
Relative Stabilities o f  DNA Hairpin Structures. Proc. Natl. Acad. Sci. USA, 1988. 
85: p. 6242-6246.

11. Shen, Y., S.V. kuznetsov, and A. Ansari, Loop Dependence o f  the Dynamics o f  
DNA Hairpins. J. Phys. Chem. B, 2001.105: p. 12202-12211.

12. Wallace, M.I., et al., FRET Fluctuation Spectroscopy: Exploring the 
Conformational Dynamics o f  a DNA Hairpin Loop. J. Phys. Chem. B, 2000. 104: 
p . 11551-11555.

13. Wallace, M.I., et al., Non-Arrhenius Kinetics fo r  the Loop Closure o f  a DNA 
Hairpin. Proc. Natl. Acad. Sci. USA, 2001. 98: p. 5584-5589.

14. Li, H., et al., Measuring Single-Molecule Nucleic Acid Dynamics in Solution by 
Two-Color Filtered Ratiometric Fluorescence Correlation Spectroscopy. Proc. 
Natl. Acad. Sci. USA, 2004.101: p. 14425-14430.

15. Jung, J. and A. Van Orden, Folding and Unfolding Kinetics o f  DNA Hairpins in 
Flowing Solution by Multiparameter Fluorescence Correlation Spectroscopy. J. 
Phys. Chem. B, 2005.109: p. 3648-3657.

189

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16. Ansari, A. and S.V. Kuznetsov, Is Hairpin Formation in Single-Stranded 
Polynucleotide Diffusion-Controlled? J. Phys. Chem. B, 2005. 109: p. 12982- 
12989.

17. Ying, L., M.I. Wallace, and D. Klenerman, Two-State Model o f  Conformational 
Fluctuation in a DNA Hairpin-Loop. Chem. Phys. Lett., 2001. 334: p. 145-150.

18. Chen, Y., et al., The Photon Counting Histogram in Fluorescence Fluctuation 
Spectroscopy. Biophys. J., 1999. 77: p. 553-567.

19. Kask, P., et al., Fluorescence Intensity Distribution Analysis and Its Application 
in Biomolecular Detection Technology. Proc. Natl. Acad. Sci. USA, 1999. 96(24): 
p. 13756-13761.

20. Perroud, T.D., et al., Photon Counting Histogram fo r  One-Photon Excitation. 
Chemphyschem, 2003. 4: p. 1121-1123.

21. Van Orden, A., K. Fogarty, and J. Jung, Fluorescence Fluctuation Spectroscopy:
A Coming o f  Age Story. Appl. Spectrosc., 2004. 58: p. 122A-137A.

22. Brinkmeier, M., et al., Two-Beam Cross-Correlation: a Method to Characterize 
Transport Phenomena in Micrometer-Sized Structures. Anal. Chem., 1999. 71: p. 
609-616.

23. Gosch, M., et al., Hydrodynamic Flow Profiling in MicroChannel Structures by 
Single Molecule Fluorescence Correlation Spectroscopy. Anal. Chem., 2000. 72: 
p. 3260-3265.

24. Huang, B., T.D. Perroud, and R.N. Zare, Photon Counting Histogram: One- 
Photon Excitation. Chemphyschem, 2004. 5: p. 1523-1531.

25. Magde, D., W.W. Webb, and E.L. Elson, Fluorescence Correlation Spectroscopy
3. Uniform translation and laminar flow. Biopolymers, 1978. 17: p. 361-376.

26. Dittrich, P.S. and P. Schwille, Spatial Two-Photon Fluorescence Cross- 
Correlation Spectroscopy fo r  Controlling Molecular Transport in Microfluidic 
Structures. Anal. Chem., 2002. 74: p. 4472-4479.

27. Kunst, B.H., A. Schots, and AJ.W.G. Visser, Detection o f  Flowing Fluorescent 
Particles in a Microcapillary Using Fluorescence Correlation Spectroscopy. Anal. 
Chem., 2002. 74: p. 5350-5357.

28. LeCaptain, D.J. and A. Van Orden, Two-Beam Fluorescence Cross-Correlation 
Spectroscopy in an Electrophoretic Mobility Shift Assay. Anal. Chem., 2002. 74: 
p. 1171-1176.

29. Fogarty, K. and A. Van Orden, Two-Beam Fluorescence Cross-Correlation 
Spectroscopy fo r  Simultaneous Analysis o f  Positive and Negative Ions in 
Continuous Flow Capillary Electrophoresis. Anal. Chem., 2003. 75: p. 6634- 
6641.

30. Elson, E.L. and D. Magde, Fluorescence Correlation Spectroscopy 1. Conceptual 
Basis and Theory. Biopolymers, 1974.13: p. 1-27.

190

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31. Magde, D., E.L. Elson, and W.W. Webb, Fluorescence Correlation Spectroscopy
2. An Experimental Realization. Biopolymers, 1974.13: p. 29-61.

32. Palmer, A.G. and N.L. Thompson, Theory o f  Sample Translation in Fluorescence 
Correlation Spectroscopy. Biophys. J., 1987. 51: p. 339-343.

33. Widemgren, J., U. Mets, and R. Rigler, Fluorescence Correlation Spectroscopy o f  
Triplet States in Solution: a Theoretical and Experimental Study. J. Phys. Chem.
B, 1995. 99: p . 13368-13379.

34. Widemgren, J. and R. Rigler, Fluorescence Correlation Spectroscopy as a tool to 
investigate chemical reactions in solutions and on cell surfaces. Cell. mol. Biol., 
1998. 44: p. 857-879.

35. Van Orden, A. and R.A. Keller, Fluorescence Correlation Spectroscopy fo r  Rapid 
Multicomponent Analysis in a Capillary Electrophoresis System. Anal. Chem., 
1998. 70: p. 4463-4471.

36. Rigler, R. and E.L. Eigen, Fluorescence Correlation Spectroscopy: Theory and 
Applications. 2001, Berlin: Springer-Verlag.

37. Manning, G.S., The Molecular Theory o f  Polyelctrolyte Solutions with 
Applications to the Electrostatic Properties o f  Polynucleotides. Q. Rev. Biophys., 
1978. 11: p. 179-246.

38. Chen, Y., et al., Molecular Brightness Characterization o f  EGFP In Vivo by 
Fluorescence Fluctuation Spectroscopy. Biophys. J., 2002. 82: p. 133-144.

39. Chen, Y., L. Wei, and J.D. Mueller, Probing Protein Oligomerization in Living 
Cells with Fluorescence Fluctuation Spectroscopy. Proc. Natl. Acad. Sci. USA, 
2003.100(26): p. 15492-15497.

40. Chen, Y., et al., Probing Ligand Protein Binding Equilibria with Fluorescence 
Flutuation Spectroscopy. Biophys. J., 2000. 79: p. 1074-1084.

41. Sorin, E.J., et al., Insights into Nucleic Acid Conformational Dynamics from  
Massively Parallel Stochastic Simulations. Biophys. J., 2003. 85: p. 790-803.

42. Sorin, E.J., Y.M. Rhee, and V.S. Pande, Does Water Play a Structural Role in the 
Folding o f Small Nucleic Acids? Biophys. J., 2005. 88: p. 2516-2524.

43. Grunwell, J.R., et al., Monitoring the Conformational Fluctuations o f  DNA 
Hairpins Using Single-Pair Fluorescence Resonance Energy Transfer. J. 
Am.Chem. Soc., 2001.123: p. 4295-4303.

44. Liphardt, J., et al., Reversible Unfolding o f  Single RNA Molecules b Mechanical 
Force. Science, 2001. 292: p. 733.

45. Chen, Y., et al., Fluorescence Fluctuation Spectroscopy. Methods, 1999.19: p. 
234-252.

46. Mueller, J.D., Y. Chen, and E. Gratton, Resolving Heterogeneity on the Single 
Molecular Level with the Photon-Counting Histogram. Biophys. J., 2000. 78: p. 
474-486.

191

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47. Hillesheim, L.N. and J.D. Muller, The Photon Counting Histogram in 
Fluorescence Fluctuation Spectroscopy with Non-ideal Photdetectors. Biophys. J., 
2003. 85: p. 1948-1958.

48. Perroud, T.D., B. Huang, and R.N. Zare, Effect o f  Bin Time on the Photon 
Counting Histogram fo r  One-Photon Excitation. Chemphyschem, 2005. 6: p. 905- 
912.

49. Palo, K., et al., Fluorescence Intensity Multiple Distributions Analysis:
Concurrent Determination o f Diffusion Times and Molecular Brightness. Biophys. 
J., 2000. 79: p. 2858-2866.

192

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 5

Conclusion

In this dissertation, we described our efforts to obtain a better understanding of 

the biomolecule conformational dynamics with time range of micro-seconds to milli­

seconds. Conformational fluctuations of biomolecules (i.e. folding and unfolding) play a 

critical role in their functioning. Due to the complexities in their biological behavior, a 

non-invasive and unperturbed approach should have many advantages for the 

investigation of biomolecule conformational dynamics. We developed a new 

Fluorescence Fluctuation spectroscopy (FFS)-based technique by focusing two laser 

beams into sample solution and applied it to the study of DNA hairpin folding and 

unfolding reaction in the solution. This seemingly simple reaction has been investigated 

for more than thirty years with the various experimental tools as well as theoretical
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models. However, many of basic issues still remain unresolved. As a new angle of 

approach toward this decade old folding problem, the kinetics o f the DNA hairpin 

formation was investigated using our two-beam FFS technique. Alternative scenario from 

a more probable description of the reaction mechanism was discussed in this dissertation. 

The approach is to detect fluorescence from molecules as they flow sequentially between 

two spatially offset laser probe volumes. The fluorescence from each probe volume is 

imaged onto separate detectors, and the detected photocounts are analyzed 

simultaneously from three different vantage points: cross-correlation analysis of the two 

detection channels relative to each other, independent auto-correlation analysis of the two 

detection channels, and photon counting histogram (PCH) analysis. In this study, the 

relaxation time for opening and closing of a stem-loop DNA hairpin molecule is precisely 

determined under thermodynamic equilibrium conditions. The DNA hairpins are labeled 

with Rhodamine 6G (R6G) and 4-{[4-(dimethylamino) phenyl] axo} benzoic acid 

(dabcyl) at the 5’ and 3’ ends, respectively. When the hairpin adopts a closed 

conformation, the R6G fluorescence is quenched due to its proximity with dabcyl. The 

R6G fluorescence is recovered when the DNA adopts an open conformation. Equilibrium 

conformational transformations between open and closed states create fluctuations in the 

R6G fluorescence that occur on the same time scale as the transitions. The sample hairpin 

sequences were 5’-AACCC-(T)n-GGGTT-3’ where n is the number of deoxythymine
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residues in the loops. For example, hairpin named as hp-T2 i contains twenty one 

thymines and hp-T3o has thirty thymines on the loops, respectively.

Auto-correlation analysis in Fluorescence Correlation Spectroscopy (FCS), the 

most prominent example of FFS, is proven to be an efficient technique for characterizing 

many types of molecular processes non-invasively, under conditions of thermodynamic 

equilibrium. It analyzes the spontaneous fluctuations in the fluorescence signal arising 

from a microscopic subvolume of a fluorescent sample. The measurements are carried 

out in situ and in real time. Macroscopic perturbation of the system equilibrium to 

establish a start time for the reaction is not required. We observed that difficulties with 

the analysis arise, however, when multiple processes are occurring simultaneously in the 

same system, especially when the relaxation times of the different processes occur on 

similar time scales. In the case when studying the conformational fluctuations of freely 

diffusing biomolecules like studies presented here, the resulting auto-correlation function 

thus contains fluctuation contributions characterized by both a diffusional relaxation time, 

7 b, and a relaxation time for conformational fluctuations, Tr . The usual way of decoupling 

the different relaxation times is to design a control molecule that gives an independent 

measure of 7b, which then constrains the correlation function for the molecule of interest, 

thereby allowing the determination of Tr . There are several disadvantages to this 

approach, including the ever-present possibility of false assumptions about the nature of
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the control molecule. Furthermore, if  the ultimate goal is to perform these types of 

measurements in the cellular environment, it would be much more desirable to extract all 

the relevant information about the dynamic processes o f the molecule of interest from a 

single set of fluorescence intensity measurements obtained from the sample of interest 

alone. With this in mind, the presented approach was developed based on multi­

parameter analysis technique. By nature, the analysis utilizes consistent data from single 

set of measurement with identical sample, under concurrent experiment condition. Cross­

correlation analysis o f fluorescence from the two detection volumes reveals the transport 

properties of the molecules, as well as the average molecular occupancy of the two 

volumes. Autocorrelation analysis of the fluorescence from the individual detection 

volumes then reveals the relaxation rate o f the fluctuations. Finally, the photon counting 

histogram analysis, which distinguishes molecular species by differences of their 

molecular brightness, reveals the equilibrium distribution of the different conformers.

This multi-parameter approach allows all the relevant dynamics information to be 

extracted from a single set of fluorescence intensity fluctuation measurements, 

eliminating the need for separate measurements on control molecules.

Through the studies presented in this dissertation, we found our two-beam FFS 

approach is indeed a powerful tool for the study o f biomolecule conformational dynamics. 

Based on all the observation from two-beam FFS experiments, we proposed a three-state
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mechanism for the folding and unfolding fluctuation of DNA hairpin structure. It consists 

of fast fluctuation between open conformation and intermediate states of DNA hairpins 

and considerably stable form of closed hairpin state. Our measurement determined the 

time scale of fast fluctuation as ~50gs and ~1 OOgs for the hp-T2i and hp-T3o, respectively, 

with high precision. The reaction rate o f the whole folding and unfolding process should 

be slower than ~2ms which is beyond the time limit of the FCS analysis. The 

intermediate state can be recognized as an ensemble of collapsed conformations with 

mismatched base pair(s). It should be noted that our observation is the first experimental 

report that shows the formation of stable intermediate in the process o f DNA hairpin 

formation. Many theoretical models based on semi-flexible polymer chain theory, have 

recognized that there are short-lived, unstable intermediates resent in the transition state 

ensemble. Recently, large-scale, parallel, molecular dynamics simulation studies 

predicted the existence of stable intermediates. These simulations observed a nonspecific 

collapsed mechanism by which the hairpin folds analogous to the hydrophobic collapse in 

proteins. The individual conformations observed in the collapsed state represent an 

ensemble of misfolded traps with base-paring interaction and hydrogen bonding 

interactions between residues in the stem. Interestingly, there were some sets of single 

molecule experiments recently reporting slower reaction of hairpin structure: 1) Single 

molecule FRET measurement to monitor the conformational fluctuations o f DNA 

hairpins immobilized on a glass surface, and 2) Mechanical force experiments with single
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RNA hairpin to monitor the end-to-end distance and the reaction rate from the distance 

hops. The observations of much longer time scale in these experiments are often 

attributed to some artificial effects under the experimental conditions (surface interaction, 

presence of applied force, etc.). However, we suggested an alternative interpretation for 

the observations, which is consistent to the three-state mechanism for the folding and 

unfolding process as described above.

To elucidate the detailed mechanism of DNA or RNA hairpin formation, much 

more work should be done. Systemic investigation for the equilibrium distributions of the 

DNA hairpin conformers may answer many o f the unresolved questions. We are 

extending the approach to address the dynamic behavior o f DNA hairpins under various 

experimental conditions, such as various temperature, salt concentration, and solution 

viscosity. The kinetics of DNA hairpins with various loop lengths, base-pair size, and 

loop sequence are currently under investigation in our group. With more information 

from these further studies, we will obtain a more complete picture o f the puzzle involving 

DNA hairpin conformational dynamics. In addition, based on our knowledge regarding 

the characteristics of these methods, we come to understand more complicated biological 

systems in the future. Folding in proteins and RNA are important future targets. Another 

future task would be applying this approach to the study o f molecular processes in the 

cellular environment. We envisioned that our two-beam FFS approach with scanning
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sample stage has great potential and versatility for these studies under equilibrium 

condition, where non-invasive and fast measurement is critical.

I complete this dissertation with a hope that the work presented here can make a 

valuable contribution toward the understanding of dynamic processes in biological 

systems.
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