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ABSTRACT 

 

 

For the last 50 years changes to the fluorescence properties of 2-aminopurine have 

been used to probe the structure and dynamics of DNA. 2-Aminopurine’s utility has 

arisen from the quenching of its emission when -stacked with neighboring nucleobases. 

In the time-domain, the emission decay profile of 2-aminopurine requires multiple 

exponential decay components to model. Despite its extensive usage, the microscopic 

origin of the decay heterogeneity is not clear. In this thesis, steady-state absorption, 

fluorescence, and time-resolved fluorescence results are compared to multiple 

microsecond molecular dynamics simulations of 2-aminopurine-labeled adenine 

containing single-stranded DNA oligomers of varying length and position of the 

2-aminopurine probe. First, previous reports of ultrafast electron transfer in -stacked 

adenine oligomers are used to build a new model for quenching of 2-aminopurine that is 

-stacked with adenine. For dinucleotides, a static distribution of unstacked structures 

combined with a distance dependent electron transfer mechanism is posited to explain the 

disperse emission decay timescales. Investigating the dinucleotides with molecular 

dynamics simulations analyzed with Markov state models quantify the structural 

heterogeneity of the dinucleotides. At least seven structures are sampled that could alter 

the quenching of 2-aminopurines’s fluorescence. The Markov state models also 

demonstrate the timescales for transitions between these structures range from 1.6 to 25 

ns, suggesting 2-aminopurine, with its monomer-like lifetime of 10 ns, is sensitive to the 

conformational dynamics of the dinucleotides as well. This dual fluorescence quenching 

and molecular dynamics simulation approach is extended to 2-aminopurine labeled 

trinucleotides and 15 base oligomers to interrogate the position dependent structural 

heterogeneity and conformational dynamics in these systems. Both shifts in the 

experimental absorption spectra, and molecular dynamics simulations agree that the 

interior base is more likely to be stacked than the exterior bases. Time-resolved emission 

experiments reveal emission from 2-aminopurine is quenched faster on the 5’ end relative 

to the 3’ end, in agreement with the faster stacking kinetics observed for bases on the 5’ 

end relative to the 3’ end obtained from molecular dynamics simulation. These results 

suggest that the time-resolved emission from 2-aminopurine may serve as an 

experimental observable for calibration of the dynamical properties predicted by 

molecular dynamics simulation. 
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CHAPTER ONE 

 

 

INTRODUCTION 

 

 

Electromagnetic radiation from the sun is absorbed by the earth and its inhabitants 

providing essential energy for life to exist. While absorption of the UV portion of this 

light causes most organic molecules to undergo photochemical reactions, the four 

canonical nucleobases that compose DNA, adenine (A), thymine (T), cytosine (C), and 

guanine (G), are highly photostable due to efficient ultrafast (< ps) internal conversion 

pathways that transform the UV photon energy into heat.1-2 Yet the DNA double helix is 

not just the sum of its parts, and based on the structure of the DNA at the instant of 

photoexcitation, new channels for deactivation are possible.3 Understanding the different 

structures DNA can adopt, i.e. its structural heterogeneity (SH), is therefore an important 

aspect to recognize how DNA achieves its primary function to protect life’s genetic 

information. Also crucial to DNAs function is the ability for the stored information to be 

read. In eukaryotes this is achieved by a structural transition from its coiled, fully base 

paired, and double stranded form, to two locally unwound and unpaired single strands of 

DNA (ssDNA) with the aid of RNA polymerases.4 The transitions between distinct 

structures, or conformational dynamics (CD), is ubiquitous in biological molecules.5-9 

Here, the problem of quantifying the structural and dynamical properties of a particular 

form of DNA, ssDNA oligomers, will be addressed. It will be shown that both 

picosecond time-resolved fluorescence (TRF) measurements of oligomers labeled with 

fluorescence probe 2-aminopurine (2Ap) and molecular dynamics (MD) simulations can 

quantify the SH and CD present in these systems. 
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2Ap is a widely used fluorescence probe because it is a constitutional isomer of 

A, has a lowest energy absorption band red-shifted ~50 nm from the canonical 

nucleobases, and its emission quantum yield is strongly affected by interactions with 

nearby bases.10 It is well understood that base stacking of 2Ap with any of A, T, C, or G, 

causes emission quenching11 Specifically, the quenching mechanism is likely due to 

electron transfer to form dark excited states which can deactivate non-radiatively.12-14 

Interaction with the neighbor nucleobases also causes minor shifts to 2Ap’s absorption 

and emission bands.15-16 In TRF measurements the emission decay of a free 2Ap 

nucleobase is monoexponential with an excited state lifetime of 10 ns in aqueous 

solvent.17 However, when 2Ap is incorporated into a DNA oligomer, its emission decay 

is modeled with three to five discrete exponential components.10, 12, 14, 18-2224 Generally the 

leading models in the literature assume the decay heterogeneity arises from a 

combination of the SH and CD of the DNA.10 However, the multi-exponential emission 

decay profile is not consistent with the fact that the SH of these systems is commonly 

considered using only two-state models in which the bases are either stacked or 

unstacked.23-25 In Chapter 3 it will be shown that these two viewpoints can be reconciled 

by leveraging knowledge from the excited state deactivation of the natural base 

containing oligomers. 

A leading model for the excited state deactivation of the natural base containing 

dinucleotides assumes that when the nucleobases are -stacked, their interaction with UV 

light initially forms a Frenkel exciton that rapidly relaxes to charge transfer (CT) states 

between only two bases within 200 fs.26 These CT states then relax via back electron 

transfer on a 10-100s of ps timescale based on their identity.27 Finally, only when the 
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DNA is denatured so that the bases are not stacked, does the deactivation mechanism 

resemble the native bases.26 These pathways are described in Figure 1.1 along with 

sample -stacked and extended structures. In longer ssDNA oligomers the deactivation is 

dominated by the same pathways and excitation is presumed to only extend to two bases 

if they are -stacked.28 Finally, the structure of double stranded DNA can also affect UV-

deactivation when two bases (of particular identities) in adjacent strands are base paired, 

allowing the formation of proton coupled electron transfer states29. 

 

 
Figure 1.1 (A) Sample stacked and (B) unstacked structures of dA2 along with the 

corresponding dominate excited state decay pathways following UV excitation. Radiative 

transitions are solid arrows while non-radiative transitions are dashed. Timescales shown 

are the lifetimes of the given states. 

 

 

 

The observation that CT state formation is so rapid between two -stacked A 

suggests that a 2Ap -stacked with A ought to form CT states on a timescale too rapid for 

detection in picosecond TRF measurements. Thus in Chapter 3 it is demonstrated that the 

emission decay from the 2Ap and A dinucleotides is consistent with a model where 
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fluorescence is solely from unstacked bases that are quenched with a rate that depends on 

the distance between the two residues.14 Despite the agreement of the new model 

proposed by us with TRF measurements at room temperature14 it is a purely static model 

that neglects the possibility for transitions between structures that modulate the decay rate 

of 2Ap on timescales less that 10 ns. This assumption is not supported by temperature 

dependent measurements which show the quenching is generally faster at higher 

temperatures,14, 30 even though the fewer stacked bases are expected at higher 

temperatures.25, 31 

To independently check whether the 2Ap-labeled dinucleotides sample only two 

structures which interconvert on timescales greater than 10 ns timescales, MD 

simulations are performed in Chapter 4 with widely accepted nucleic acid forcefields.32-34 

These MD forcefields approximate the Born-Oppenheimer potential energy surface 

(PES) with pair-wise potentials that are parameterized to reproduce chosen experimental 

observables.35-36 A total of 10 s of simulation time for each 2Ap-labeled dinucleotide 

demonstrate the two-state model for dinucleotides is insufficient and at least seven 

distinct structures are sampled.37 Furthermore, structures intermediate between stacked 

and unstacked ones are observed that could affect the quenching rate of 2Ap. These 

results are consistent with, and improve upon, other simulations which predict multiple 

structures for similar model RNA dinucleotides.38 

Not only do the MD simulations reveal the SH present in dinucleotides, they also 

provide insight into the CD. Previous studies have shown that the longest timescale 

processes in biomolecular CD are well described by a Markovian description of the 

dynamics, e.g. one where the transition rate between any two structures is time 
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independent.39 These memoryless models are called Markov state models (MSMs) and 

have become quite popular in recent years.40-44 By constructing MSMs from the MD 

simulations, the assumption that the transition rates between the seven structures are 

much slower than 10 ns is tested. The simulations in Chapter 4 demonstrate that this 

approach predicts multiple CD timescales ranging from 1.6 to 25 ns, well within the 

timescale of 2Ap emission.37 To combine the SH and CD from the MSM with a 

quenching model for 2Ap, the master equation approach is used to predict 2Ap’s excited 

state population, and is shown to predict multiple sub 10 ns decay lifetimes for the 

2Ap-labeled dinucleotides. Not only does this study demonstrate the importance of SH 

and CD in 2Ap quenching, it also suggests that TRF measurements of 2Ap could be used 

as an experimental observable to test the dynamical properties predicted by MD 

simulation. 

To further test the utility of the dual TRF and MD simulation approach, studies 

are described in Chapter 5 for 2Ap-labeled trinucleotides and 15-base oligomers 

otherwise containing only A. By placing 2Ap at different positions along the ssDNA 

oligomers, the position dependent SH and CD is explored. Steady-state fluorescence 

measurements of similar 2Ap-labeled pentamers have been reported previously and 

demonstrate the 2Ap at the interior positions are more likely to be stacked than 2Ap at the 

ends.45 This is in agreement with transient absorption (TA) studies of the stacking 

heterogeneity in ssDNA A containing oligomers which found that A at the interior 

positions is more likely to be stacked.28 However, experimental TRF measurements of 

similar 30-base oligomers have shown 2Ap at these interior positions are actually 

quenched slower than 2Ap at the ends.46 Steady-state and TRF measurements shown in 
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Chapter 5 reproduce these findings in the 15-base oligomers, but 2Ap at the interior 

position of the trinucleotide is actually quenched faster than 2Ap on the ends. After 

describing a novel nearest neighbor stacking model for the ssDNA that includes the seven 

structures predicted for the dinucleotides, 15.5 microseconds of MD simulation were run 

for the trinucleotide system. These simulations support the conclusions that bases are 

stacked more often at the interior of the strand. Building a MSM from the trinucleotide 

simulations demonstrates multi-scale stacking kinetics are consistent with the position 

dependent trends in the experimental TRF measurements. Finally, the ability of current 

standard MD simulations to completely sample the PES for the 15 base oligomers is 

commented on. 
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CHAPTER TWO 

 

GENERAL METHODS 

 

 

Preface 

 

 

 The contents of this chapter describe the details of both the experimental 

(Sections 2.1-3) and theoretical (Sections 2.4 - 5) procedures and the various data 

analysis techniques used to understand the SH and CD of the ssDNA oligomers. The 

spectroscopic techniques used are described in Section 2.1 while the methods for sample 

preparation are in Section 2.2. Section 2.3 is devoted to the analysis of experimental data, 

focusing on the mathematical relationships describing excited state models. Section 2.4 

describes details for the MD simulations used, while Section 2.5 outlines the analysis 

methods used to condense the vast amounts of data generated via MD simulation. 

 

2.1 Spectroscopy 

 

 

2.1.1 UV/Visible Absorption Measurements 

 All UV/Visible absorption spectra were obtained with a Lambda 25 spectrometer 

(PerkinElmer, Inc.) using a 1 cm pathlength Spectrosil® quartz cuvette. Care was taken 

to avoid damage and smudging of the windows to ensure consistent reflectivity. To 

background a scan, the absorbance was set to zero at all wavelengths when only air was 

in the reference and sample holders, and then a scan was run with the solution identical to 

the DNA solution but not containing the DNA placed in the sample holder. These scans 

were then subtracted from scans which included the DNA to obtain the DNA spectrum. 
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2.1.2 UV/Visible Fluorescence Measurements 

 

 Steady-state emission spectra were recorded with a fluorometer (Fluorolog 3, 

Horiba Jobin Yvon). The emission was collected at 90 with respect to the excitation 

light. The obtained raw emission spectra were background subtracted by recording an 

emission spectra without any solute present but the same solvent. Then the emission 

spectra were corrected by multiplication by a wavelength-dependent correction factor 

accounting for the sensitivity of the detector. This correction factor was determined by 

comparison of measured emission spectra to reference spectra and is described 

elsewhere.47 The absorbance was always kept below 0.01 O.D. 

 

2.1.3 Time Resolved Fluorescence Measurements 

 

 Fluorescence decay curves were obtained using an emission lifetime spectrometer 

(FluoTime200, PicoQuant Photonics North America) that uses the time-correlated single-

photon counting (TCSPC) technique. Excitation pulses were provided by a widely 

tunable femtosecond laser oscillator (Chameleon Ultra II, Coherent) with an 80 MHz 

pulse repetition rate. Third harmonic pulses at 310 nm were produced using an auto-

tracking harmonic generator. The laser beam was passed through an electro-optic 

modulator (Model 350-80, Conoptics) connected to a bias/drive controller (Model 25D, 

Conoptics). A synchronous countdown timer (Model 305, Conoptics) selected every 30th 

pulse. The polarization of the excitation pulse was set to vertical before the sample. The 

focused excitation pulse in these experiments had a spot size of 115  10 μm (FWHM) 

and a power of 330  10  μW, resulting in a maximum peak intensity of about 5.4 

MW/cm2. The light emitted at ∼90° was sent through a 350 nm (model XLU0350, Asahi 
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Spectra, Torrance, CA) long pass filter, then through a polarizer set at the magic angle 

from vertical, and then through a monochromator to pick out the desired emission 

wavelength. Finally, the emitted light was detected with a microchannel plate 

photomultiplier tube (model R3809U-50, Hamamatsu Corp.) positioned past the exit slit 

of a monochromator. PicoHarp software (PicoQuant) was used to record the data with an 

8 ps bin width. A Ludox® scattering solution was used to record the instrument response 

function (IRF), which was measured to be 65  1 ps (FWHM).  

 

2.2 Sample Preparation 

 

 

2.2.1 Samples 

 The deoxyribose form of 2Ap (2-amino-9-(β-D-2-deoxyribofuranosyl)purine, 

≥97% purity, was purchased from Berry & Associates (Dexter, MI). The ssDNA 

oligomers labeled with 2AP used in these studies were provided by professor Mahesh 

Hariharan (Indian Institute of Science Education and Research Thiruvananthapuram). 

These samples were synthesized on a K&A Laborgeraete DNA synthesizer employing 

the automated solid-phase phosphoramidite chemistry. The 2Ap and 2′-deoxyadenosine 

phosphoramidite were purchased from Glen research and used as received. The 

fluorescent label 2Ap was incorporated into the dinucleotides on a 1 μmol scale with 

appropriate controlled pore glass (CPG) beads used as 3′ solid support as reported 

earlier.48 Oligonucleotides were de-protected and isolated from the solid-phase support 

using concentrated ammonium hydroxide with stirring for 24 h at room temperature. The 

2Ap-labeled dinucleotides were then purified by reverse phase high performance liquid 

chromatography (Prominence HPLC System, Shimadzu) with a Phenomenex column 



14 

(Luna 5u C18(2) 100A, 250 × 10 mm), employing a gradient of 20 mM ammonium 

acetate buffer and acetonitrile (flow rate of 1 ml/min) as mobile phase.  

2.2.2 Solvents 

 

When aqueous buffers were used as a solvent, a 100 mm NaCl, 100 mM tris-HCl 

buffer (pH 7.45) made with water from an ultrapurifier (Synergy, EMD Millipore) was 

used. For the trinucleotides and 15 base oligomers the buffer had a pH of 6.98. This was 

done by dissolving tris in the water and then adjusting the pH with HCl. The pH was 

determined with a MI-410 Micro Combination pH electrode (Microelectrodes Inc., 

Bedford NH) with an OrionStar A121 pH meter (Thermo Scientific, Waltham, MA). 

When HPLC grade methanol (EMD Chemicals, Philadelphia, PA) was used as a solvent 

no additional salt or buffer was added. The 2Ap concentration was adjusted by dilution to 

provide an absorbance of about 0.01 at its peak absorption wavelength 310 nm.  

 

2.3 Experimental Data Analysis 

 

 

2.3.1 Fluorescence Quantum Yields 

 

 To calculate the emission quantum yield of 2Ap in a oligomer s, its integrated 

emission spectra, Fs, was compared to the integrated emission of a 2Ap reference sample, 

Fr, which has a known reference quantum yield, r, of 0.68 in water.17 These quantities 

are related through the following equation: 

𝛷𝑠 = 𝛷𝑟 (
𝐹s

𝐹r
)      (2.1) 

In Equation 2.1 it is assumed that the index of refraction of the aqueous buffer is the same 

as the buffer used in ref 17 and that the two samples have the same absorbance at the 

excitation wavelength.  



15 

2.3.2 Excited State Modeling 

 

 Here various excited state models are defined that will be used to fit experimental 

TRF curves. Generally, these models focus on the 2Ap excited state manifold which we 

assume is dominated by the excited state population of the S1 state that produces 

emission observable in the TRF experiments. When a bulk sample of 2Ap is excited by 

an instantaneous pulse of light, its time dependent excited state population, P(t), is 

subject to parallel deactivation via the radiative, kr, and non-radiative, knr, rates. The time 

dependent rate of light emitted by this population is therefore just P(t) multiplied by kr. 

Here we describe models for the P(t) acknowledging that the signals measured are 

proportional to the aforementioned product of P(t) and kr, with proportionality constant 

depending on the precise experimental setup. 

When 2Ap is isolated in aqueous solvent its excited state population decays via 

the solution to a first-order, linear, one-dimensional, ordinary differential equation 

(ODE), i.e. a single exponential decay: 

𝑃(𝑡) = 𝑃(0)𝑒−
𝑡
𝜏⁄      (2.2) 

In Equation 2.2 there are two parameters, the initial population (proportional to the 

amplitude, A, used in fitting) and the lifetime, , that is the inverse sum of kr and knr. 

However, when 2Ap is attached to a ssDNA molecule, the environment surrounding the 

probe can be different when the ssDNA is in different conformations providing different 

knr for the distinct populations. In this case there are n different populations of excited 

2Ap and in the limit that the structures are static the excited state population is given by 

Equation 2.3. 

𝑃(𝑡) = ∑ 𝑃𝑖(0)𝑒
−𝑡 𝜏𝑖⁄𝑛

𝑖=1     (2.3) 



16 

Here the n pre-exponential factors are the initial excited state populations of 2Ap in each 

conformation (again proportional to the Ai used to fit experimental data) whose relative 

values are equal to the ground state equilibrium distribution according to the Franck-

Condon principle. Similarly the lifetimes, i, are different for each conformation because 

of the differences in knr. It is noted that Equation 2.3 is the solution to an uncoupled first-

order, linear, n-dimensional, ODE. 

However, Equation 2.3 and the interpretation that fitted Ai are proportional to the 

excited state population of 2Ap in a particular ssDNA structure is not correct if the 

structures of the ssDNA are not static and instead dynamically interconvert. To model 

this case, a coupled, first-order, linear, n-dimensional, ODE must be solved.49 The steps 

to do so are shown in the following for completeness and its importance to this 

dissertation. The ODE to solve is the following: 

𝑑

𝑑𝑡
[
𝑃1(𝑡)
⋮

𝑃𝑛(𝑡)
] = [

−
1

𝜏1
−∑ 𝑘1𝑗𝑗≠1 … 𝑘𝑛1

⋮ ⋱ ⋮

𝑘1𝑛 … −
1

𝜏𝑛
−∑ 𝑘𝑛𝑗𝑗≠𝑛

] [
𝑃1(𝑡)
⋮

𝑃𝑛(𝑡)
]  (2.4) 

The additional parameters here are the n2-n off-diagonal kij representing the rate constant 

for transitions from structure i to structure j. The subtraction of the sum of off-diagonal 

rows in Equation 2.4 ensures that the system satisfies detailed balance. The matrix in 

Equation 2.4 will be called the rate matrix, K, and the population vector will be denoted 

with an arrow. First, Equation 2.4 is rewritten in matrix form: 

𝑑

𝑑𝑡
𝑃⃗ = 𝑲𝑃⃗       (2.5) 
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An eigenvalue decomposition for the matrix K is computed to produce the diagonal 

matrix  containing the eigenvalues, the matrix V containing the eigenvectors, and its 

inverse V-1: 

𝑑

𝑑𝑡
𝑃⃗ = 𝑽𝑽−𝟏𝑃⃗      (2.6) 

Multiplying each side of Equation 2.6 by V-1 and introducing the coordinate transformed 

population vector 𝑄⃗ = 𝑽−𝟏𝑃⃗  decouples the ODE: 

𝑑

𝑑𝑡
𝑄⃗ = 𝑄⃗       (2.7) 

Now Equation 2.7 can be readily solved to provide time dependent solutions to Qi(t): 

𝑄𝑖(𝑡) = 𝑄𝑖(0)𝑒
−𝑡 𝜆𝑖
⁄

     (2.8) 

Transforming back to the original population vectors provides the final solution for the 

excited state population where Vi is the ith left-eigenvector of K: 

𝑃(𝑡) = ∑ (𝑃⃗ (0) ∙ 𝑉𝑖)𝑒
−𝑡 𝜆𝑖
⁄𝑛

𝑖=1     (2.9) 

Comparison of Equations 2.3 and 2.9 demonstrates two key differences that are crucial 

for proper modeling of dynamical fluorescence quenching. First, the lifetimes in Equation 

2.3 are not the eigenvalues in Equation 2.9, which means the lifetimes obtained through 

fitting of Equation 2.3 to experimental data don’t necessarily extract the conformational 

specific decay rates for the 2Ap probe. Secondly, the pre-exponential factors in Equation 

2.9 are the dot products of the initial population vector onto the eigenspace of the rate 

matrix, which again implies that fits of Equation 2.3 to extract the initial population of 

2Ap in different structures are incorrect when the structures interconvert. However, while 

it would be ideal to fit Equation 2.4 to experimental TRF data, it has too many free 
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parameters, and instead the possibility of independently estimating the interconversion 

rates from MD simulations will be explored in Chapters 4 and 5 for specific systems. 

 A feature of the proceeding analysis is the presumption that there are a finite 

number of structures the 2Ap-labeled ssDNA can adopt. However, as has been argued by 

others50 and again by us in Chapter 3, there could in fact be a whole continuum of 

structures providing slightly different knr values for 2Ap. The natural extension of the 

discrete model in Equation 2.3, again assuming no interconversion, is: 

𝑃(𝑡) = ∫ 𝑓(𝜏)𝑒−
𝑡
𝜏⁄ 𝑑𝜏

𝜏𝑚𝑎𝑥
0

    (2.10) 

Equation 2.10 is closely related to the Laplace transformation of the lifetime distribution, 

𝑓(𝜏), but with slightly modified integration bounds that we proposed to account for the 

finite lifetime of a free 2Ap probe. A physically insightful way to think about the 𝑓(𝜏) is 

to consider a functional relationship between a structural parameter, x, and knr , so that an 

experimental estimate of 𝑓(𝜏) can be used to estimate 𝑓(𝑥), thereby providing structural 

insight. For an example see Chapter 3 where x is the center of mass distance between 

2Ap and A and knr decays exponentially with distance according to a simple electron 

transfer rate model. 
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2.3.3 Modeling Time Resolved Fluorescence Traces 

 Possibly the most important aspect that should be considered when trying to 

model TRF data of 2Ap-labeled oligomers obtained with the TCSPC technique described 

in Section 2.1.3 is the convolution of the excitation pulse with excited state model:51 

𝐹(𝑡) = ∫ (𝑅(𝑡′ − 𝛾) − 𝐹𝐼𝑅𝐹)𝑀(𝑡 − 𝑡′)𝑑𝑡′
𝑡

−∞
+ 𝐹bkg   (2.11) 

𝑀(𝑡) is proportional to the chosen excited state population models, 𝑃(𝑡), described in 

Section 2.3.2., Fbkg is the background emission that represents a constant offset, and the 

excitation pulse, or IRF descried in 2.1.3, is 𝑅(𝑡). Also 𝛾 is the time-shift parameter 

between excitation and emission traces, while 𝐹𝐼𝑅𝐹  is a constant offset for the IRF 

(usually <10 counts).  

In Equation 2.11, 𝐹(𝑡) is the model to be compared to the experimental 

signal, 𝑆(𝑡), by minimizing the reduced chi-squared parameter, 2, through adjustment of 

the p parameters in the model: 

𝜒2 =
1

𝑚−𝑝
∑

1

√𝑆(𝑡𝑖)
𝑚
𝑖=1 (𝑆(𝑡𝑖) − 𝐹(𝑡𝑖))

2
   (2.12) 

It was found through contact with an engineer at PicoQuant that the software provided to 

fit experimental decays evaluates Equation 2.11 by directly applying Gaussian 

quadrature. For the case when M(t) decays faster than the typical length of the excitation 

pulse, this produces incorrect results for F(t). Furthermore, approximating the integral in 

Equation 2.10 with quadrature also can give improper results if 𝑓(𝜏) has a tail that slowly 

decays at large . Instead of using this software we chose to write Matlab scripts that 

apply a simple approximation to the integral in Equation 2.11. First we take into account 

that 𝑅(𝑡)is a measured histogram with m bins: 
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     𝑅(𝑡) =

{
 
 

 
 
𝑅1 𝑡0 ≤ 𝑡 < 𝑡1
𝑅2 𝑡1 ≤ 𝑡 < 𝑡2
⋮ ⋮
𝑅𝑚 𝑡𝑚−1 ≤ 𝑡 < 𝑡𝑚
0 Otherwise

    (2.13) 

Here it is noted that Equation 2.13 is a 0th order approximation for 𝑅(𝑡), and higher order 

approximations obtained via linear or polynomial interpolation could be used in the 

following. Inserting Equation 2.13 into the integral in Equation 2.11 allows one to pull 

out the constants, 𝑅1, and rewrite the result as a matrix equation: 

[

𝐹(𝑡1)

𝐹(𝑡2)
⋮

𝐹(𝑡𝑚)

] =

[
 
 
 
 
 ∫ 𝑀(𝑡1 − 𝑡′)𝑑𝑡′

𝑡1
𝑡0

0 … 0

∫ 𝑀(𝑡2 − 𝑡′)𝑑𝑡′
𝑡1
𝑡0

∫ 𝑀(𝑡2 − 𝑡′)𝑑𝑡′
𝑡2
𝑡1

… 0

⋮ ⋮ ⋱ ⋮

∫ 𝑀(𝑡𝑚 − 𝑡′)𝑑𝑡′
𝑡1
𝑡0

∫ 𝑀(𝑡𝑚 − 𝑡′)𝑑𝑡′
𝑡2
𝑡1

… ∫ 𝑀(𝑡𝑚 − 𝑡′)𝑑𝑡′
𝑡𝑚
𝑡𝑚−1 ]

 
 
 
 
 

[

𝑅1
𝑅2
⋮
𝑅𝑚

] (2.14) 

In Equation 2.14 and the following, the background and time-shift parameters are 

neglected for the sake of clarity. For M(t) given by Equations 2.2 or 2.3, the integrals in 

the above matrix can be easily solved using simple variable substitution. To compare the 

ability of this method to an exact result, we consider the 𝑅(𝑡) given by a Gaussian shaped 

pulse of width  centered at the origin and M(t) given by Equation 2.2 with unity 

preexponential factor, which has an exact solution to the integral in Equation 2.11 given 

by: 

     
1

2
𝑒

𝑡2

4ln(2)𝑒𝑟𝑓𝑐 (
√ln(2)

𝜏
−

𝑡

2√ln(2)
)    (2.15) 

The results of this comparison are shown in Figure 2.1 for decreasing , demonstrating 

the numerical approach is sufficiently accurate for relevant parameters to the TCSPC 

data. 
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Figure 2.1. The exact result of the convolution of a gaussian pulse and single exponential 

decay provided by Equation 2.15 (red) is compared to the numerical solution provided by 

Equation 2.14 (black). The parameters for these curves are  = 65 ps, and   = 10-1, 10-2, 

10-3, 10-4, and 10-5 ns. The width of each bin was set to 8 ps for this calculation. Note the 

logarithmic y-axis. 

 

 

The evaluation of the integrals in Equation 2.14 for lifetime distributions 

(Equation 2.10)  is not necessarily so straight forward and requires additional care. 

Plugging Equation 2.10 into an arbitrary integral in Equation 2.14 gives: 

∫ ∫ 𝑓(𝜏)𝑒
−
𝑡𝑖−𝑡′

𝜏 𝑑𝜏
𝜏𝑚𝑎𝑥
0

𝑑𝑡′
𝑡𝑗
𝑡𝑗−1

    (2.16) 

By changing the order of integration and integrating with respect to 𝑡′ this can be 

simplified further: 

      ∫ 𝜏𝑓(𝜏) (𝑒−
𝑡𝑗−𝑡𝑖
𝜏 − 𝑒−

𝑡𝑗−1−𝑡𝑖
𝜏 )𝑑𝜏

𝜏𝑚𝑎𝑥
0

   (2.17) 

To evaluate Equation 2.17 for any 𝑓(𝜏) the trapezoidal rule with I linearly spaced grid 

points was used to give: 
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∑
𝜏𝑙+1−𝜏𝑙

2
[𝜏𝑘+1𝑓(𝜏𝑘+1)(𝑒

−
𝑡𝑗−𝑡𝑖
𝜏𝑘+1 − 𝑒

−
𝑡𝑗−1−𝑡𝑖
𝜏𝑘+1 ) + 𝜏𝑘𝑓(𝜏𝑘) (𝑒

−
𝑡𝑗−𝑡𝑖
𝜏𝑘 − 𝑒

−
𝑡𝑗−1−𝑡𝑖
𝜏𝑘 )]𝐼−1

𝑘=1  (2.18) 

Figure 2.2 shows the use of Equation 2.18 for increasing I applied to the 

bi-lorentzian 𝑓(𝜏) that will be described in Chapter 3. Figure 2.2 clearly shows that by 

I=50 the numerical solution converges. To be extra careful the number of grid points was 

increased to 200 for all fits shown in Chapter 3.  

 

 

 
Figure 2.2. The accuracy Equations 2.14 and 2.18 to approximate Equation 2.11 is shown 

for increasing number of trapezoidal grid points, I.  

 

2.4 Molecular Dynamics Simulations 

 

2.4.1 Force Field, Structure Generation, and Solvent Model 

 

 To approximate the PES for the ssDNA oligomers, the widely used Amber 

ff99bsc0 forcefield32 was used along with refined base stacking parameters33,  dihedral 

parameters,34 and  and  backbone torsion parameters.52 While the A residue used in the 

simulations has preset charges provided in this Amber forcefield, the 2Ap residue does 
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not. The restrained electrostatic potential (RESP) fitting procedure was used to derive 

point charges for the 2Ap base.53 A methyl group was used as a cap for the nucleobase 

during the charge fitting procedure. The nonstandard nucleobase was optimized at the 

B3LYP/6-31G* level of theory and, subsequently, the electrostatic potential was 

calculated using the HF/6-31G* level of theory. Both geometry optimization and 

electrostatic potential calculations were performed in the GAMESS program.54-55 Atomic 

charges were fit to the electrostatic potential using the RESP module in Amber and are 

shown in Table 2.1 and Figure 2.3. Also included in Table 2.1 are the atom types. DNA 

residues of the 2Ap base were developed by combining the parameterized sugar 

backbone with the parameters for the nonstandard nucleobase.  

 

Table 2.1 Atomic Charges and Assigned Atom Types for 2Ap Used for the Simulations. 

Atom Name Atom Type Charge / e 

N9 N* -0.047936 

C8 C2 0.150546 

H8 H5 0.165748 

N7 NB -0.598370 

C5 CB 0.156676 

C6 CA 0.157719 

H6 H4 0.150049 

N1 NC -0.674915 

C2 CQ 0.879792 

N2 N2 -0.930086 

H21 H 0.394869 

H22 H 0.394869 

N3 NC -0.682870 

C4 CB 0.378610 

Methyl Cap ---- 0.105299 
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Figure 2.3 Atom names for 2Ap residue used in the simulations. 

 

 

Except for the simulations of the trinucleotide and 15-base oligomer, which are 

described in Section 5.2, the initial structures were generated using LEaP. The initial 

structures for all oligomers were neutralized with the number Na+ ions56 equal to one 

minus the length of the oligomer. For the majority of simulations, the rigid TIP3P water 

model57 was used. All oligomers were solvated using enough water molecules to fill a 

rectangular box such that no solute atom was less than 12 Å from the edge of the box 

using the solvatebox command. For the dinucleotide simulations this was roughly 1600 

waters and the trinucleotide simulations required roughly 2100 waters. Finally, based on 

the box volume, enough Na+ and Cl– ions56 were added to simulate a salt concentration of 

slightly more than 100 mM. After equilibration (see section 2.4.2) the box volume 

decreases and the concentration was recalculated to ensure the resultant concentration 

was as close to 100 mM as integer ion counts allow. 
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2.4.2 Simulation Protocol and Thermalization 

 

Once the initial structures and solvent were generated with either the methods 

described in Section 2.4.2 or Section 5.2, the systems were energy minimized in eight 

stages that alternated using 1000 steps of the steepest decent (SD) and conjugate gradient 

(CG) methods. Every two stages positional restraints on the solute were reduced to ensure 

unreasonable structures did not result. The exact parameters for these stages are shown in 

Table 2.2.  

 

Table 2.2 Parameters for Minimization of DNA Structures 

Stage Type Restraints / 

kcal mol-1 Å-2 

1 SD 500 

2 CG 500 

3 SD 50 

4 CG 50 

5 SD 5 

6 CG 5 

7 SD 0 

8 CG 0 

 

 

Once minimized, the structures are essentially at 0 K as they have no velocity. To 

prepare initial conditions for the long MD simulations four thermalization stages were 

performed at a temperature of 300 K and pressure of 1 atm where again the restraints on 

the solute were slowly decreased. The temperature was controlled using the weak-

coupling algorithm59 with a 10 ps time constant. The pressure was controlled using the 

isotropic Monte Carlo barostat with a relaxation time of 1 ps. The parameters for these 

thermalization stages are shown in Table 2.3. 
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Table 2.3 Parameters for Thermalization of DNA Structures 

Stage Length / ns Restraints / 

kcal mol-1 Å-2 

1 0.2 500 

2 0.2 50 

3 1 5 

4 1 0 

 

Finally, long Molecular dynamics simulations of all oligomers were run using the 

GPU-accelerated Amber package for explicit solvent particle mesh Ewald summation 

based simulations.36 A 10 Å cut-off was used for non-bonding interactions. The SHAKE 

algorithm was used to constrain bonds involving hydrogen,35 allowing a 2 fs time step to 

be utilized for the simulations. For the dinucleotide simulations all coordinates were 

saved every 2 ps, while the longer oligomers were only saved every 10 ps. These 

simulations were conducted using NVIDIA Pascal P100 GPU nodes on the Ohio State 

Supercomputing Center Owens Cluster.60 

 

2.5 Theoretical Data Analysis 

 

 

2.5.1 Calculation of Collective Variables 

 

Structures were first stripped of water and ions using the CPPTRAJ program.61 

The coordinates for each were analyzed with in-house Python scripts utilizing the 

MDAnalysis package,62-63 and scipy.64 Still, the large amount of data produced by the 

simulations necessitated its distillation into a manageable amount of information. A 

classic way to achieve this is to perform a mapping of the solute molecules high 

dimensional cartesian coordinate vector onto a small number of collective variables. A 

simple example of this is the mapping from twelve dimensions to one dimension when a 
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dihedral angle is calculated from three atomic positions. Here, eight dihedral angles per 

base along backbone of the ssDNA that connect the two bases were calculated using a 

previously published algorithm.65 A global coordinate used to a measure the surface area 

of the ssDNA was the solvent accessible surface area (SASA). The SASA were 

calculated with CPPTRAJ using the molsurf command with a probe of 1.4 Å.66  

 Another mapping that was found to be helpful at disentangling the SH of ssDNA 

was the calculation of the helical parameters (HP).67 The six HP for ssDNA are the 

coordinates needed for the rigid body transformations that bring successive 5’ 

nucleobases into overlap with the next base along the strand. In this way a N base 

oligomer requires 6(N-1) HPs. The first step for calculating the HP is to find the center of 

mass (COM) position for each base in the strand as if it were a free base (i.e., by ignoring 

the ribose group). Next, three orthogonal unit vectors, 𝑣 1, 𝑣 2, and 𝑣 3, were found for each 

purine nucleobase using the position vectors (𝑥 ) for the N1, N7, and N9 atoms. The first 

axis, 𝑣 1, was calculated by normalizing (𝑥 N1 − 𝑥 N9), then 𝑣 3 as (𝑥 N7 − 𝑥 N9)/|(𝑥 N7 − 𝑥 N9)| 

 𝑣 1, and finally 𝑣 2 as 𝑣 1  𝑣 3. For a nucleobase in a double-stranded B-form DNA 

structure, 𝑣 1 and 𝑣 2 point toward the complementary strand toward and the major groove, 

respectively, while 𝑣 3 is directed in the 3’ to 5’ direction.67-70 This is demonstrated in 

Figure 2.4 which shows the three vectors for the two As at interior of a B-form DNA 

crystal structure.70 The three distance parameters (shift, slide, rise) were calculated by 

projecting the vector defined by the difference between the two center of mass vectors 

onto the three 5’ base axes. However, instead of the usual three angular parameters (roll, 

tilt, and twist), the projection of the 3’ base axes onto the respective 5’ base axes were 

used so that the projection of the two base normal vectors represents the cosine of the 
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angle between the two nucleobase planes, cos(). By constructing the parameters this 

way, it is easy to see the distance parameters translate the COM positions to the same 

point while the angular parameters align the three base axis.  

 

 
Figure 2.4 The three base axis are shown for two As on the interior of the B-DNA 

dodecamer70 as green, blue, and red respectively. The 5’ A is shown in gold while the 3’ 

A is shown as gray. For the other bases the backbone is yellow while the bases are blue. 

 

 

 The use of HPs and backbone dihedral angles for a three base ssDNA is still a 36 

dimensional dataset, and is far too large to systematically characterize the different 

structures and transitions that characterize its SH and CD. A method to further reduce the 

dimensionality of the dataset while still preserving the kinetically relevant structures is 

time-lagged independent coordinate analysis (TICA).71-72 TICA determines a linear 

subspace which maximizes the time-lagged covariance of a time-structured dataset. The 

key parameter that makes TICA advantageous is the lag-time TICA which accounts for 

the fact that if the ssDNA is initially in structure A, after TICA time later it may have 

transitioned into structure B. In this way the direction that points between the two 
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structures gains extra covariance and will likely be captured in one of the TICA 

components. When TICA was used here it was used within the Pyemma package.73 

 

2.5.2 Markov State Models 

 

MSM construction was done primarily within the Pyemma package using python 

scripts.73 The first stage in MSM construction is the clustering of chosen data set into 

microstates. On the order of 3000 microstates were used for each system studied. A back 

of the envelope calculation where each dimension in the data set distinguishes between 2 

distinct structures, suggests that 3000 microstates is sufficient to cluster an 11 dimension 

dataset (211~3000). Clustering was done using either the regular space or k-means 

clustering algorithm. The purpose of clustering the data is that the cluster centers can be 

used to define a Voronoi tessellation of the coordinate space which partitions the data 

into the different microstates. This allows the continuous trajectory provided by the 

coordinates to be turned into a discrete one. In this way transitions between different 

states can be readily counted. A custom method for discretizing the trajectories was also 

developed outside of Pyemma, which starts by manually defining regions of a 2D 

coordinate space. This was achieved by simply clicking on a plotted 2D FES and saving 

the coordinates that were clicked on using python’s event object. These coordinates 

define a polygon, which the shapely74 package can use to determine if coordinates at each 

frame of the trajectory are inside of or not. This custom method was used to define 

discrete trajectories for the SASA transition path averages described in Section 4.2.2 

The next step to construct a MSM was to evaluate the implied timescales75 for the 

discrete trajectory. This involves calculating the inverse eigenvalues of the transition rate 
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matrix generated for various lag-times lag to determine a lag where the inverse 

eigenvalues are independent of lag. Nominally, the transition rate matrices estimated are 

dependent on lag because they contain the rates for transitions that occur between each 

state over a period of lag. However, when the memoryless assumption about the kinetics 

holds, the transition rates won’t depend strongly on lag.75 Unfortunately, the converse is 

not true so another more robust test, the Chapman-Kolmogorow test was also used.43 The 

Chapman-Kolmogorow test calculates the conditional probabilities that an initial state i is 

found in state j at a later time predicted by a MSM with a fixed lag time versus MSMs 

estimated with longer lag times. If these two predictions are similar than the memory is 

likely lost on a time shorter than lag. Using the above considerations, a lag time for MSM 

construction was chosen for each system that to our best ability ensured memory effects 

were neglected. 

As the MSMs constructed usually involved 3000 states, additional simplifications 

in the form of hidden MSMs (HMSMs) were used to gain more understanding of the 

ssDNAs CD. HMSMs are an approximation to the MSM which coarse grains the 

microstates into a much smaller number of macrostates. HMSMs were calculated using 

the algorithm provided within Pyemma for a number of states equal to one plus the 

number of dominate timescales observed in the implied timescales plot. Additionally, 

inspection of the relevant FES to determine how many local minima were present was 

used to determine the number of macrostates as well. 
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Abstract 

 

The fluorescent probe 2-aminopurine (2Ap) has been used for decades to study 

local conformational fluctuations in DNA. Steady-state and time-resolved measurements 

of 2Ap fluorescence have been used to predict specific conformational states through 

suitable modeling of the quenching of the fluorescence of a 2Ap residue incorporated 

site-specifically into a DNA strand. The success of this approach has been limited by a 

lack of understanding of the precise factors responsible for the complex, multiexponential 

decays observed experimentally. In this study, dinucleotides composed of 2Ap and 

adenine were studied by the time-correlated single-photon counting technique to 

investigate the causes of heterogeneous emission kinetics. Contrary to previous reports, 

we argue that emission from 2Ap that is stacked with a neighboring base contributes 

negligibly to the emission signals recorded more than 50 ps after excitation, which are 

instead dominated by emission from unstacked 2Ap. We find that the decay kinetics can 

be modeled using a continuous lifetime distribution, which arises from the inherent 

distance dependence of electron transfer rates without the need to postulate a small 
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number of discrete states with decay times derived from multiexponential fits. These 

results offer a new perspective on the quenching of 2Ap fluorescence and expand the 

information that can be obtained from experiments. 

 

3.1 Introduction 

 

 

Fluorescent probes are invaluable for understanding the structural dynamics of 

biological macromolecules, including DNA.76 In these experiments, changes in the 

intensity and lifetime of emission from a well-characterized chromophore are used to 

infer structural changes that take place on time scales commensurate with excited-state 

deactivation. The success of this approach relies on understanding the deactivation 

pathways of the isolated chromophore and developing realistic models that explain how 

the monomeric pathways are modified or how new pathways are created when the probe 

is incorporated into specific DNA sequences. The first step is often achieved by 

comparing high-level quantum chemical calculations with experimental measurements of 

excited state energies and lifetimes. The second step is the most challenging because 

labeled DNA molecules are too large for high-level calculations. In this case, more 

experimental work is needed to explore the possible decay pathways. 

2-Aminopurine (2Ap), a constitutional isomer of adenine (A), is the most widely 

used fluorescent probe molecule for studying DNA structure, dynamics, and 

DNA/protein interactions. Jones and Neely10 recently reviewed its role as a fluorescent 

probe of DNA/protein interactions. 2Ap minimally disturbs native DNA structure and has 

a high  emission quantum yield that is strongly attenuated by interactions with nearby 

bases.77 Excitation of the lowest energy absorption band of 2Ap in an oligonucleotide 
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results in multi-exponential florescence decay kinetics with lifetimes ranging from < 100 

ps to 10 ns.78 A continuous distribution of decay rates has also been used to fit the 

emission signals.50, 79 

Here, the emission dynamics from two simple 2Ap-labeled dinucleotides (Figure 

3.1), 5′-(2Ap)A-3′  and 5′-A(2Ap)-3′, are investigated by the time-correlated single-

photon counting (TCSPC) technique. We report complex, multiexponential emission 

decays similar to ones observed in other 2Aplabeled DNA compounds, but we provide an 

interpretation that differs from the conventional picture, which assigns subnanosecond 

emission lifetimes to different stacked, or partially stacked, conformations. The 

conventional explanation is difficult to reconcile with the observation that excited-state 

lifetimes of dinucleotides containing natural nucleobases are independent of the precise 

stacking conformation.26 Drawing on this result and on the emerging understanding of 

excited state dynamics of native bases, we propose that emission on the TCSPC time 

scale is dominated by emission from unstacked conformations. 
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Figure 3.1Structures of the samples studied. (a) The 2′-deoxynucleoside of 2Ap used as a 

reference compound, (b) the 5′-labeled dinucleotide, 5′-(2Ap)A-3′, and (c) the 3′-labeled 

dinucleotide, 5′-A(2Ap)-3′. 

 

 

Emission quenching when 2Ap is stacked with another residue is nearly 

universally believed to occur by electron transfer (ET),10, 13, 21, 80 but the factors that 

govern emission by a 2Ap residue that is unstacked or poorly stacked with neighboring 

bases at the instant of excitation are less clear. Proposed quenching mechanisms in this 

case include solvation-dependent intersystem crossing to a dark 3nπ∗ state,81 or stacking 

within the excited state lifetime.21, 82-83 Our preliminary analysis points to a major role for 

distance dependent ET between 2Ap and a nearby base, suggesting that emission decays 

can be used in principle to derive information about interbase distances in nucleic acids. 

Correctly interpreting 2Ap fluorescence decays could provide new opportunities to use 

this versatile fluorophore as a shortrange molecular ruler capable of measuring distances 

between 6 and 14 Å.  
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3.2 Methods 

 

 

3.2.1 Samples 

 

The deoxyribose form of 2-aminopurine (2-amino-9-(β -D-2-

deoxyribofuranosyl)purine, ≥ 97% purity, hereafter, 2Ap) was purchased from Berry & 

Associates (Dexter, MI). Oligonucleotides were synthesized on a K&A Laborgeraete 

DNA synthesizer employing the automated solid-phase phosphoramidite chemistry. The 

2-aminopurine and 2′ -deoxyadenosine phosphoramidite were purchased from Glen 

research and used as received. The fluorescent label 2Ap was incorporated into the 

dinucleotides on a 1 μ mol scale with appropriate controlled pore glass (CPG) beads used 

as 3′  solid support as reported earlier.48 Oligonucleotides were de-protected and isolated 

from the solid-phase support using concentrated ammonium hydroxide with stirring for 

24 h at room temperature. The 2Ap-labeled dinucleotides were then purified by reverse 

phase high performance liquid chromatography (Prominence HPLC System, Shimadzu) 

with a Phenomenex column (Luna 5u C18(2) 100A, 250 x 10 mm), employing a gradient 

of 20 mM ammonium acetate buff er and acetonitrile (flow rate of 1 ml/ min) as mobile 

phase. A 100 mM tris-HCl, 100 mm NaCl buffer (pH 7. 45  0. 05) made with water 

from an ultrapurifier (Synergy, EMD Millipore) was used to prepare aqueous solutions 

for fluorescence measurements. The 2Ap concentration was 0.25 μM, resulting in an 

absorbance of 0.013 at 310 nm. 

  



41 

3.2.2 Instrumentation 

 

A UV/ Vis spectrophotometer (Lambda 25, Perkin Elmer) was used to record 

absorption spectra. Steady-state fluorescence spectra were recorded with a fluorometer 

(Fluorolog 3, Horiba Jobin Yvon). Fluorescence decay curves were obtained using an 

emission lifetime spectrometer (FluoTime200, PicoQuant Photonics North America) that 

uses the time-correlated single-photon counting (TCSPC) technique. Excitation pulses 

were provided by a widely tunable femtosecond laser oscillator (Chameleon Ultra II, 

Coherent) with an 80 MHz pulse repetition rate. Third harmonic pulses tunable between 

230 and 360 nm were produced using an auto-tracking harmonic generator. For this 

study, excitation pulses with a center wavelength of 310 nm were used. The laser beam 

was passed through an electrooptic modulator (Model 350-80, Conoptics) connected to a 

bias/ drive controller (Model 25D, Conoptics). A synchronous countdown timer (Model 

305, Conoptics) selected every 30th pulse. The polarization of the excitation pulse was set 

to vertical before the sample. The focused excitation pulse had a spot size of 115 μ m 

(FWHM) and a power of 330 μ W, resulting in a maximum peak intensity of 5.4 MW/ 

cm.10 The light emitted at ∼ 90◦  was sent through a 350 nm longpass filter (XUL0350 – 

Longpass, Asahi Spectra USA), and a polarizer set at the magic angle from vertical 

before detection with a microchannel plate photomultiplier tube (model R3809U-50, 

Hamamatsu Corp.) positioned past the exit slit of a monochromator. PicoHarp software 

(PicoQuant) was used to record the data with an 8 ps bin width. A Ludox scattering 

solution was used to record the instrument response function (IRF), which was measured 

to be 64 ps (FWHM). 
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3.2.3 Modeling 

 

Emission decay curves were fit by nonlinear least squares optimization using 

either the Fluofit program (version 4.5, PicoQuant) to fit sums of exponentials or an in-

house algorithm for lifetime distribution fitting written for the Matlab program. Both 

programs compare the experimental decays to  the decay function, D(t) , given by the 

convolution of the measured instrument response function (IRF) and a kinetic model 

function, M(t) , 

D t( ) = B
dec

+ IRF t -g( ) -B
irf

é
ë

ù
ûM t -t( )

-¥

t

ò dt .    (3.1) 

In Eq. (1), the parameters Birf and Bdec, account for dark counts in the measured IRF and 

measured decay, respectively. These parameters were set to the counts recorded before 

the first excitation pulse and were not optimized during fitting. The time-shift parameter, 

, shifts the IRF signal by a constant amount in order to give the IRF and the fluorescence 

decay curves a common time origin. The time-shift parameter in these fits always 

assumed a reasonable value between -10 ps and 10 ps.  

The first model used was a sum of four (n = 4) exponentials, 
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where Ai are amplitudes and τi are rate constants. Fits obtained with Eqs. (3.1) and (3.2) 

were compared with fits using a continuous lifetime distribution,79, 84 

M t( ) = f t( )
0

t
f

ò e
-
t

t dt  .      (3.3) 

In Eq. (3.3), the upper limit of integration, τf, was set to the lifetime of the 2’-

deoxynucleoside of 2Ap measured at the same temperature (Table A.1.5). This choice 
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restricts the possible lifetimes to be less than that of the free monomer consistent with the 

expectation that interactions with adenine in the dinucleotide result solely in lifetime 

shortening. The space of possible f(τ) that can satisfactorily fit a given experimental 

emission signal is vast, and finding f(τ) is a numerically ill-posed problem.85 To 

circumvent this difficulty, we approximate the shape of f(τ), by a sum of two Lorentzian 

distributions,   
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where Aj is the amplitude of the jth Lorentzian component, D
j
 is the full width at half 

maximum, and μj is the most probable lifetime (mode). This lifetime distribution has been 

used previously to fit emission decays of 2Ap-labeled oliognucleotides.79 However, even 

this choice does not insure uniqueness. In order to avoid the trivial case in which the j  

approach very small values, causing Eq. (3.3) to become a sum of discrete exponential 

terms, a range of initial parameter values were tried until the f(τ) determined by 

Marquardt-Levenberg optimization was unimodal. Including the time-shift parameter in 

Eq. (3.1), the lifetime distribution model in Eqs. (3.3) and (3.4) has 7 adjustable 

parameters. To further reduce the number of fitting parameters, 1 and μ1 were linked in 

simultaneous fits to decays from the 5’- and 3’-labeled oligonucleotides at each 

temperature, yielding 11 adjustable parameters for every pair of decay curves. For both 

models, the amplitude parameters were restricted to nonnegative values. To compare the 

overall dynamics of the two samples, amplitude weighted mean lifetimes,  , were 

calculated with Eq. 3.5. 
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 Fits were performed using the first 4500 points of each measured decay trace (0 – 

36 ns). The fit quality was assessed from the reduced χ2 statistic defined in Eq. (3.6) and 

from visual inspection of the residuals weighted according to Poisson statistics as shown 

in Eq. (7), 
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where Yi, are the observed counts in each of N channels, p is the number of adjustable 

parameters, and D t
i( )  is the model decay function from Eq. (3.1) evaluated at discrete 

time points. Asymptotic standard errors were calculated with the Fluofit program for the 

sum of exponential fits, and 2σ values are reported throughout the text. Errors reported 

for the lifetime distributions were calculated using support plane analysis.86 

 

3.2.4 Experimental Protocols 

 

Steady-state emission quantum yields were estimated with Eq. (3.8) using the 

2Ap monomer (Φ2Ap = 0.68)87 as a fluorescence reference, 

𝛷 = 𝛷2𝐴𝑝 (
𝐹

𝐹2Ap
)        (3.8) 

In Eq. (3.8), F and F2Ap are the fluorescence spectra integrated between 330 and 500 nm 

of equal absorbance solutions of the dinucleotide and the 2Ap monomer, respectively. 
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Before integration, each spectrum was corrected for the wavelength dependence of the 

detector and by subtracting emission from a buffer-only solution.  

Fluorescence decays of the dinucleotides were recorded as a function of 

temperature at an emission wavelength of 370 nm with excitation at 310 nm. Data 

acquisition was stopped for each trace upon reaching a pre-set maximum number of 

counts (10,000, unless otherwise stated). In addition, time-resolved emission spectra 

(TRES) were assembled from decays recorded by scanning the emission wavelength in 5 

nm steps. For each decay trace, the integration time was held constant at 1 minute. These 

traces were then rescaled by a correction factor to account for the wavelength dependence 

of the detector. The constancy of the excitation laser intensity was confirmed by 

recording the IRF with a dilute scattering solution before and after each sample run. The 

area under the IRF was found to vary by no more than 1% from run to run. 

 

3.3 Results 

 

 

Upon excitation at 310 nm, the emission traces at 370 nm for 5’-(2Ap)A-3’, and 

5’-A(2Ap)-3’ at 20 °C decay non-exponentially as seen previously for 2Ap/A-containing 

di-88 and oligonucleotides89 (Figure 3.2). Overall, the signals from the two dinucleotides 

are very similar, but some subtle differences can be seen, especially between 3 and 10 ns. 

The temperature dependence of the fluorescence decays of 2Ap, 5’-(2Ap)A-3’, and 5’-

A(2Ap)-3’ was investigated at λex = 310 nm and λem = 370 nm  every 5 °C between 10 

and 60 °C. Results at the lowest and highest temperatures are shown in Figure 3.2. 

Increasing the temperature increases the rate of decay of the emission from both the 

monomer and the labeled dinucleotides, but emission by the latter depends somewhat 
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more strongly on temperature, especially near 5 ns. For all samples, the slope of the 

decay curves at long times approaches that of the 2Ap monomer.  

 

 
Figure. 3.2. Normalized TCSPC traces of 2Ap, 5’-A(2Ap)-3’, and 5’-(2Ap)A-3’ (from 

top to bottom at 10 ns) at 20 °C. Emission from both 2Ap-labeled dinucleotides decays 

more rapidly than from the monomer and in a non-single-exponential manner. The IRF 

(black curve) shows the satellite pulses responsible for the weak re-excitation evident at 

12.5 and 25 ns. For all fluorescence decays, λex = 310 nm and λem = 370 nm. 
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FIG. 3. Emission decay curves (λex = 310 nm and λem = 370 nm) in order of the relative 

signal intensity at 10 ns: 2Ap at 10 °C and 60 °C (dark and light purple, respectively); 5’-

A(2Ap)-3’ (blue) and 5’-(2Ap)A-3’ (red) at 10 °C; 5’-A(2Ap)-3’ (light blue) and 5’-

(2Ap)A-3’ (light red) at 60 °C. Best fit curves are shown by solid black lines. A single 

exponential model was used to fit the 2Ap traces, while the bi-Lorentzian lifetime 

distribution model in Eqs. (3.3) and (3.4) was used to fit all dinucleotides traces. The IRF 

is shown in gray. 

 

 

TRES of 5’-(2Ap)A-3’, 5’-A(2Ap)-3’, and 2Ap were measured at 20 °C by 

stepping λem between 330 and 500 nm and recording the emission decays at each 

wavelength while maintaining constant integration time and intensity of the excitation 

laser (Figure 3.4). The three samples had the same absorbance at the excitation 

wavelength of 310 nm to allow comparison of the signal amplitudes (Figure A.1.1). The 

maximum strength of the emission near time zero is attenuated in the dinucleotides by a 

factor of 1.4. Comparing the two dinucleotides, the emission from the 3’ label is 

attenuated by the same factor as the 5’ label (Figure 3.4). The peak wavelength of the 

time-zero emission spectrum is the same for the dinucleotides and the 2Ap monomer to 

within  5 nm. In fact, the TRES of the three samples are identical in shape at all times as 

demonstrated by the agreement of the spectra recorded at 0 ns and the scaled 9 ns 
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spectrum (Figure 3.4). Steady-state fluorescence of the samples was measured with 

excitation at 310 nm, see supplementary material, to quantify the steady-state emission 

quantum yields (Figure A.1.3). The steady-state fluorescence spectra have the same shape 

as the 2Ap reference spectrum. The fluorescence quantum yields determined for 5’-

(2Ap)A-3’ and 5’-A(2Ap)-3’ are 0.072  0.009 and 0.061  0.012, respectively. 

 

 
Figure 3.4. TRES of equal absorbance solutions of 2Ap (uppermost curve: 0 ns), 

5’-(2Ap)A-3’ (solid red: 0 ns, dashed red: 9 ns), and 5’-A(2Ap)-3’ (solid blue: 0 ns, 

dashed blue: 9 ns). The spectra at 9 ns have been scaled for comparison with the 0 ns 

spectra, showing that both dinucleotides have nearly identical normalized emission 

spectra. 
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Figure 3.5. Comparison of a four exponential fit (vertical lines represent the amplitudes 

of the various decay components, right vertical axis) and a bi-Lorentzian lifetime 

distribution fit (continuous lines, left vertical axis) to emission from 5’-(2Ap)A-3’ (red, 

uppermost curve) and 5’-A(2Ap)-3’ (blue) at 10 °C. 

 

The best-fit parameters from fits to the 10 °C emission traces of each dinucleotide 

are shown in Figure 3.5 for the sum-of-exponentials model, Eq. (3.2), and the continuous 

lifetime distribution model, Eq. (3.3). All fitting parameters are listed in Tables A.1.1 – 

A.1.4 in Supplementary Material. The amplitude-weighted mean lifetimes calculated 

from the sum of exponentials model using eq. 3.5 are 1.43  0.08 ns and 1.68  0.08 ns 

for the 5’ and 3’ labels, respectively. This difference is due mainly to the increased 

amplitude of τ4 in the 3’ sample, but the fit parameters are otherwise rather similar for 

both dinucleotides. 

The lifetime distributions for both dinucleotides are unimodal. Because of the 

similar appearance of the signals from the 5’- and 3’-labeled dinucleotides the Δj and kj 

parameters of the dominant Lorentzian component were linked during simultaneous 

(global) fitting to the decays from both samples. Consequently, the second Lorentzian 
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accounts chiefly for the subtle differences between the emission decays from the two 

samples. Figure 3.5 shows that the four exponential model qualitatively approximates the 

distribution of discrete lifetimes. Both models also yield comparable residuals at 

temperatures lower than 20 °C (Figure A.1.4). 

The lifetime distribution model was also used to fit the temperature-dependent 

decay traces of both dinucleotides (Figure 3.6). At all temperatures, unimodal 

distributions were obtained. For both samples, the peak in the lifetime distribution 

narrows somewhat and increases in amplitude as the temperature is increased. The bi-

Lorentzian fits are also slightly worse at higher temperatures as seen from their greater χ2
 

values (Tables A.1.1, A.1.2). 
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Figure 3.6. Best-fit lifetime distributions for A) 5’-(2Ap)A-3’ and B) 5’-A(2Ap)-3’ 

solutions as a function of temperature. The arrows indicate the changes that occur as the 

temperature is increased from 10 to 60 °C in steps of 5 °C.  
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3.4 Discussion 

 

 

3.4.1 Comparison with Previous Time-Resolved Emission Measurements 

 

The 5’-labeled dinucleotide was studied previously by time-resolved emission 

spectroscopy.88, 90-91 Our traces at times greater than 1 ns are similar to ones in Ref. 88. 

Our kinetics at intermediate times depend strongly on temperature (Figure 3.3) in 

agreement with Ref. 88. However, in previous TCSPC studies of the 5’-labeled 

dinucleotide, a short 25-31 ps component was reported at room temperature.88, 91 An 80 

ps time constant was measured in fluorescence up-conversion experiments, although 

exact buffer conditions were not reported, and may differ from our conditions.90 In 

contrast, our fit with the sum-of-exponentials model yields a shortest lifetime of 320 ps at 

20 °C. This lifetime is more similar to lifetimes near 500 ps seen in longer (A)n oligomers 

that contain a 2Ap probe.89  

To explore these discrepancies, we re-fit our 20 °C data for the 5’-(2Ap)A-3’ 

sample, constraining the two time constants in the biexponential fit function to have the 

values reported in Ref. 88 (31 and 590 ps). The resulting residuals (Figure A.1.4, bottom 

panel) resemble ones reported in Ref. 88, but have more non-random character than the 

residuals from our best fit with a 320 ps lifetime (Figure A.1.4, top panel). This leads us 

to question the need for a sub-100 ps component, but we acknowledge the difficulties of 

resolving lifetimes shorter than the IRF.92  

Although we do not observe a tens of ps decay component, there is a prompt loss 

of emission that can be seen by comparing emission from absorbance-matched samples 

of 2Ap and the dinucleotides (Figure 3.4). The loss in the maximum signal near time zero 
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indicates the existence of an ultrafast decay channel, which is consistent with previous 

reports of rapidly forming dark-states in 2Ap-labeled oligomers.93 Quenching of excited 

states that occurs too quickly to resolve using a given measurement technique has been 

termed quasi-static quenching,94 and the origins of this channel will be discussed next. 

 

3.4.2 Influence of Stacked 2Ap on TCSPC Decay Traces 

 

Understanding of excited electronic states of DNA strands made of native bases 

has advanced greatly during the past decade.95 We consider next how these recent 

insights can be used to construct a new model for the fluorescence quenching of stacked 

2Ap. Because 2Ap is a simple isomer of adenine it is logical that fluorescence quenching 

pathways for 2Ap emission in DNA could closely resemble those of native bases. A key 

observation from studies of native DNA is the speed of forming charge transfer (CT) 

states. When a dinucleotide composed of two A residues is in a -stacked conformation, 

photoexcitation creates a Frenkel exciton that rapidly decays to a CT state in less than 

~200 fs.96 The formation of CT states in DNA strands made of natural bases is strongly 

gated by base stacking as these states are only observed when two or more bases are 

stacked at the instant of photon absorption.97 Disrupting base stacking by adding 

methanol to the (dA)2 dinucleotide completely eliminates the long-lived CT state.96  

The redox properties of 2Ap are similar to those of the canonical bases, and cyclic 

voltammetry measurements predict that photoexcited 2Ap can oxidize  or reduce A.98 

Based on the favorable energetics, photoexcitation of a π-stacked 2Ap/A pair is expected 

to result in ultrafast ET, rapidly quenching the bright 1ππ* state of 2Ap.98-99 This concept 
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has been used previously to explain the 50% loss in initial fluorescence from the 5’-

(2Ap)A-3’ dinucleotide.90  

Ultrafast ET quenching of the 2Ap 1ππ* state in stacked bases has an important 

consequence for TCSPC measurements of 2Ap-labeled oligomers: Emission from the 

excited state of 2Ap, hereafter denoted 2Ap*, should be virtually undetectable whenever 

2Ap is π-stacked with A (or C, T, or G). The maximum signal from two emitters with the 

same radiative rate will be proportional to their lifetimes when these are much shorter 

than the IRF. The FWHM of the IRF in a fast TCSPC lifetime instrument such as ours is 

on the order of 100 ps or 1000 times longer than the lifetime of approximately 100 fs that 

we believe describes 2Ap* in a base stack. This implies that the maximum signal 

amplitude from stacked 2Ap* will be 1000 times smaller than the maximum signal from 

the 2Ap monomer. This assumes equal excitation rates and a radiative rate of 2Ap* that is 

the same for the monomer and for 2Ap in a base stack. Thus, our experimental conditions 

that result in 104 maximum counts from monomeric 2Ap suggest a maximum signal of 10 

counts from stacked 2Ap, a value that falls below the noise floor of approximately 100 

counts, and is thus too weak to detect.  

The CT state could still contribute to the TCSPC signal after interbase ET as 

analogous CT states in native base containing DNA have been shown to emit over 

hundreds of ps, albeit with low radiative rates.100-101 According to a computational study, 

the oscillator strength of the (2Ap)A CT state is hundreds to thousands of times weaker 

than that of the 2Ap 1ππ* state.102 Because emission signals are proportional to the 

product of the number of excited molecules times their radiative decay rate, it is also 

necessary to know the amounts of stacked and unstacked conformations present. The 
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equilibrium constant describing stacking is less than unity (see below), indicating that the 

signal from CT state emission will be hundreds to thousands of times weaker than that of 

unstacked 2Ap residues. These considerations predict that emission from the bright 1 * 

state of 2Ap will completely mask any weak emission from CT states.  

Another important property of CT states in DNA oligomers made of native bases 

is their strongly red-shifted emission spectra relative to the emission by individual 

nucleotides.103 This agrees with computational predictions that CT states lie lower in 

energy than the monomer 1ππ* states.104-106 Accordingly, emission by a 2Ap/A CT state 

should be strongly red-shifted compared with emission from monomeric 2Ap. A state 

bearing some of these properties has been observed in 2Ap oligomers although it appears 

to have a much longer decay lifetime than even monomer 2Ap, and is only observed 

when excited at 360 nm.107-108 Here, the TRES from 2Ap-labeled dinucleotides recorded 

by the TCSPC technique 0 and 9 ns after photoexcitation strongly resemble the spectrum 

of the 2Ap monomer (Figure 3.4). In other studies, steady-state emission from 2Ap-

labeled oligomers is red-shifted by a few nm from the monomer spectrum.15 Such shifts 

were not observed in our time-resolved measurements, possibly due to monomer-like 

hydration of the bases in the dinucleotides studied here. Given that the TRES coincide 

with the 2Ap monomer spectra (Figure 3.4), it is unlikely that the CT state rapidly 

populated after photoexcitation of stacked 2Ap contributes appreciably to the observed 

emission decay. 

A further possibility is that the dark CT state decay could repopulate the bright 

monomer excitonic state.109 This is more likely when the CT state and the bright excited 

state of 2Ap have similar energies, but computational studies102 and studies on the natural 
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bases suggest that the CT state is at least 1 eV lower in energy. In aqueous solution, 

especially for a short dinucleotide, the nearby dipoles are expected to stabilize the CT 

state on time scales similar to those needed to make and break hydrogen bonds. We 

propose that none of the observed four exponential decay components, or any part of the 

lifetime distribution (Figure 5), can be attributed to stacked conformations of the 

oligomer.  

 

3.4.3 Influence of Base Stacking Equilibria on 2Ap Decay Traces 

 

Our model, which assumes that stacked 2Ap does not contribute to the emission 

measured by the TCSPC technique, allows estimation of the equilibrium constant, Ks, 

that describes the unstacked to stacked transition of the dinucleotide, 

unstacked dinucleotide ⇌ stacked dinucleotide 
 

 unstacked

stacked
s =K .     (9) 

If only unstacked 2Ap residues contribute to the measured emission, then the signal 

strength at any time is proportional to the number of unstacked conformers that are still 

excited. Because all unstacked conformers are still excited at zero time, the strength of 

the signal at time zero from the dinucleotide divided by the strength of the signal at time 

zero from an equal absorbance solution of 2Ap monomer gives the fraction of unstacked 

conformers when both samples initially have the same number of excited states and 

identical radiative rates. In this case, Ks is given by, 

 K
s
=
M

2Ap
0( )

M
dinuc

0( )
-1.        (3.10) 

In Eq. 3.10, the kinetic model function, M, from Eq. 3.1 describes the initial, 

deconvoluted signal from the 2Ap and dinucleotide samples. Emission from 2Ap and the 
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2Ap-labeled dinucleotides was recorded from equal-absorbance solutions under 

otherwise identical experimental conditions in order to produce the same number of 

excited states in each sample. The values of M 0( )  were determined using Eq. (3.3) and 

from the results of fitting the bi-Lorentzian model to the various emission decays are 

shown in the supplementary materials (Figure A.1.5). Ks values of 0.28  0.03 and 0.27  

0.03 were determined for the 5’- and 3’-labeled samples, respectively, using the signals at 

370 nm, the wavelength of maximum emission. Very similar values were obtained from 

fits with Eq. (3.2), indicating that the method is insensitive to the precise model used for 

the unstacked population, as long as it fits the data well.  

To the best of our knowledge this is the first estimate of the base stacking 

equilibrium for 2Ap in single-stranded DNA. Stacking appears to be less favored than in 

the adenine-adenine dinucleotide, d(ApA). The value of Ks for d(ApA) has been reported 

to be 1.8110 and 11.5111 from circular dichroism (CD) experiments, 4.5112 and 5.6113, 

according to molecular dynamics (MD) simulations, and a value of 5.7111 was determined 

from UV-vis absorption experiments. These higher values suggest that the altered 

position of the amino group in 2Ap compared to A may interfere with base stacking. 

Consistent with this notion some experiments on dsDNA have suggested that 2Ap 

slightly disrupts the DNA helix.114  

Results from a combined molecular dynamics simulation / fluorescence lifetime 

study of 2Ap-labeled hairpins suggest that 2Ap is stacked with neighboring bases in 

approximately 50% of conformers.115 This value, which corresponds to an equilibrium 

constant of approximately unity, was observed in MD simulations in which 2Ap was 

positioned within the hairpin stem. However, stacking was observed less often when 2Ap 
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was located in the more flexible loop region in line with the lower stacking equilibrium 

constants reported here. 

If quasi-static processes were the only source of quenching in the 5’-labeled 

dinucleotide, then its fluorescence quantum yield should be equal to the quantum yield of 

the 2Ap monomer (0.6887) multiplied by the fraction of unstacked bases. The latter 

quantity is determined to be 0.79 from the calculated Ks value of 0.27, resulting in a 

predicted quantum yield of 0.54. This value is nearly an order of magnitude greater than 

the observed steady-state fluorescence quantum yield of 0.072, indicating that unstacked 

2Ap residues are subject to additional quenching pathways. These pathways give rise to 

the multi-exponential decay kinetics in Figures 3.2 and 3.3, and the remainder of this 

paper is focused on proposing a new mechanism to describe this quenching. 

 

3.4.4 A Model for Fluorescence Quenching of an Unstacked 2Ap*/A Pair 

 

In general, fitting a sum-of-exponentials model to the fluorescence decay of a 

2Ap-labeled DNA strand assumes that a Markov state model116 accurately captures the 

dynamics on the conformational landscape of the oligomer. In such a description, the 

experimentally determined decay rates are the eigenvalues of the underlying kinetic 

scheme created by subdividing different thermodynamically stable regions of the 

conformational landscape into states and defining interconversion rates between them. 

These states can be distinguished through time-domain fluorescence if they have different 

nonradiative decay rates for the 2Ap probe perhaps due to different rates of base stack 

formation. Contrary to the coarse graining inherent in the Markov state model approach is 

the supposition that the decay kinetics arise from a continuous distribution of 
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heterogeneous micro-environments,117 each with a different nonradiative decay rate for 

the 2Ap probe (Figure 5). Distinguishing between these two cases using time-resolved 

emission traces alone is very difficult in the presence of experimental noise118. However, 

MD simulations have found that the conformational landscape of a dinucleotide is well 

described by a two-state model that includes a stacked state and an unstacked state with a 

continuous range of interbase separations (>6 Å).113 This suggests that a Markov state 

model with 3 to 5 distinct unstacked conformations is inappropriate for unstacked 2Ap. 

We believe that a continuous approach is more realistic for describing unstacked 2Ap. 

We also suggest that the inherent distance dependence of ET rates naturally suggests how 

the nonradiative decay rates of 2Ap can vary for different microenvironments. 

A very crude model for long-range ET predicts that ET rates decay exponentially 

with donor-acceptor distance, r,119 

   
( ) ( )0

ET,0

ET rr
e

k

rk −−
=


      (3.11) 

where ro is the distance at which the ET rate has the maximum value kET,0, and β is a 

solvent-dependent parameter describing the attenuation of the electronic coupling 

between donor and acceptor. β values of 0.2 to 0.9 Å-1 have been reported for π-stacked 

DNA systems in which donor and acceptor are separated by two or more intervening 

stacked bases.120-122 Larger values of 1.0 to 1.4 Å-1 characterize ET in the interior of 

proteins,123 while values as high as 1.6 to 1.7 Å-1 have been reported for free molecules in 

aqueous solution.124-126 Because the electronic coupling between unstacked and solvent-

separated 2Ap and A is of interest here, a β value of 1.7 Å-1, which is appropriate for a 

water-like environment, is used. Similarly, ro is taken to be 3.5 Å, the van der Waals 
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contact distance between stacked bases, and kET,0 is set to 1/100 fs-1, a rough limit for ET 

at minimal donor-acceptor separation.119 It is important to note that Eq. 3.11 is a rough 

approximation that does not account for the potential distance dependence of the 

reorganization energy, a quantity that has been estimated for well-stacked, double-

stranded, B-form DNA127, but is uncertain for unstacked dinucleotides. The implicit 

assumption in Eq. 3.11 that the driving force for ET is independent of distance is justified 

by the large dielectric constant of water.  

In order to explore a particularly simple limit, we assume that transitions between 

the different microstates can be neglected during the lifetime of 2Ap*. In this case, the 

decay rate of 2Ap* is determined entirely by the interbase separation, and the lifetime 

distribution f(τ) (Figures 3.5, 3.6) contains information about the 2Ap*/A interbase 

distance distribution, P(r). The latter can be extracted from the former using the inverse 

of Eq. (3.11) as shown in Eq. (3.12) with the appropriate variable substitution from Eq. 

(3.13).  

𝑟 = 𝑟0 −
1

𝛽
𝑙𝑛 [

1

𝜏
−

1

𝜏2Ap

𝑘ET,0
]      (3.12) 

𝑑𝑟

𝑑𝜏
=

1

𝛽𝜏2(
1

𝜏
−

1

𝜏2Ap
)

     (3.13) 

where τ2Ap is the lifetime of the 2Ap monomer (Table A.1.5). The distance-

dependent ET model in Eqs. (3.11)–(3.13) was applied to the experimentally determined 

lifetime distribution shown in Figure 3.5 to determine the interbase separation 

distribution for both samples (Figure 3.7). The results reveal that the heterogeneous decay 

kinetics of unstacked 2Ap∗ in a dinucleotide are consistent with a distribution of 
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distances between the bases with the most probable separation located between 8 and 10 

Å. The distance r in eq. 11 is usually understood to be the distance between molecular 

centers of mass. We note that the distance between glycosidic nitrogen atoms in RNA 

dinucleotides was observed to fluctuate between approximately 6 and 10 Å in molecular 

dynamics simulations carried out in organic solvents where little base stacking is 

expected.128 We do not claim that the crude model behind Eqs. 11 – 13 is able to 

accurately predict distances, but the results in Fig. 7 do show that varying the electron 

transfer parameters over a range of possible values robustly predicts that bases in 

unstacked conformations are separated by distances that are physically reasonable for a 

dinucleotide. This supports our conjecture that distance-dependent quenching of the 

emission from unstacked 2Ap* is responsible for the observed heterogeneous emission 

decay signals. From trial fits of the emission decays using other lifetime distributions, we 

found that the location of the most likely interbase distance is essentially the same 

provided that a good fit is obtained as judged by the residuals. Earlier, Fogarty et al.84 

showed that the location of the maximum of the lifetime distribution is nearly the same 

for two different rate distributions.  
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Figure 3.7. The interbase-separation distribution of unstacked 5’-(2Ap)A-3’ (top, red 

curve) and 5’-A(2Ap)-3’ (bottom, blue curve) at 10 °C calculated from the rate 

distribution in Figure 4 using Eqs. (12) and (13). For the red and blue curves, β = 1.7 Å-1, 

and kET,0 = (100 fs)-1. The solid black and dashed curves, respectively, demonstrate the 

effect of changing β to 1.4 Å-1 and kET,0 to (200 fs)-1 for the 5’-(2Ap)A-3’ sample.  

 

The 2Ap and A residues are similar in size and mode of attachment to the DNA 

backbone, suggesting that exchanging their positions should have little to no effect on 

their mutual separation. The very similar signals observed for the 5’- and 3’-labeled 

dinucleotides are consistent with this supposition and our model in which emission arises 

from unstacked conformations that undergo quenching by ET at a distance. If stacked 

states of the dinucleotide were important, then greater differences might be expected due 

to differences in how a 5’- vs. 3’-A stacks with 2Ap. 

Our model differs sharply from ones in which motions following excitation are 

responsible for quenching. Thus, Barton and co-workers concluded that dynamic stacking 

of an initially unstacked 2Ap is a dominant decay pathway for photoexcited 2Ap.129-131 

However, the adoption of a fully stacked geometry from an initially unstacked 

conformation is difficult to complete within the 10 ns lifetime of 2Ap*, according to 
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results from temperature-jump experiments that indicate that 100 ns is needed for stack 

formation in (dA)2 at room temperature.132 These stacking times are somewhat longer 

than the 20 ns unstacking lifetime for self-associating dimethyladenosine dimers at room 

temperature.133 In contrast, MD simulations of trinucleotides found much shorter stacking 

times of 10 to 100 ps during 10 ns tragectories.134 Importantly, our model incorporates 

the notion that the bases do not need to be fully stacked for quenching to occur. Instead, 

modest movement toward reduced interbase separation can greatly increase the 

probability of quenching through the exponential dependence on distance in Eq. 11. 

Even though base stacking and unstacking may occur at modest rates, our model 

can be refined by permitting diffusion during the lifetime of 2Ap*. The temperature-

dependent narrowing of the lifetime distribution (Figure 5) is similar to what has been 

observed previously in the distance dependence of linked naphthalene-dansyl FRET pairs 

(Figure 8 in Ref. 135).  In the naphthalene-dansyl system, diffusion-assisted energy 

transfer was invoked to explain the narrowing of the radial distribution with respect to 

temperature, and we suggest that a similar process operates in 2Ap-labeled DNA. Future 

work is needed to understand the precise effects of diffusion in the context of our 

distance-dependent quenching model. 

 

3.5 Conclusions 

 

 

This paper has presented a new model for understanding 2Ap fluorescence 

quenching that draws heavily on understanding of native base photophysics obtained over 

the past decade. Due to ultrafast ET between stacked bases, 2Ap in a labeled DNA strand 

is expected to contribute significantly to the emission detected in TCSPC experiments 
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only when it is not stacked with another nucleobase. Consequently, the multi-exponential 

decay of emission from the 2Ap probe observed with the TCSPC technique arises from 

bases that are initially unstacked at the time of photoexcitation.  

This model, which challenges the commonly held viewpoint, predicts that there is 

a nearly instantaneous (on the TCSPC time scale) loss of excited-state population that can 

be used to quantify the degree of base stacking in the immediate vicinity of the 2Ap 

probe. The lifetime distribution extracted from emission decays recorded at a fixed 

temperature can then be interpreted using a simple distance-dependent ET model, 

according to which unstacked 2Ap undergoes ET with the closest base at a rate that 

depends exponentially on their mutual separation. Using reasonable parameters to model 

distance-dependent ET rates, and assuming that changes in the interbase separation occur 

slowly relative to the lifetime of 2Ap* (negligible diffusion), the emission dynamics are 

consistent with an interbase distance in most unstacked conformations of between 6 and 

10 Å. However, the temperature dependence of the lifetime distribution indicates that 

some diffusion is occurring. The framework described here provides a starting point for 

developing models that better capture the interplay between conformational dynamics 

and distance-dependent emission quenching. 
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Abstract 

 

Molecular dynamics (MD) simulations of 2-aminopurine (2Ap)-labeled DNA 

dinucleoside monophosphates (DNMPs) were performed to investigate the hypothesis 

that base stacking dynamics occur on timescales sufficiently rapid to influence the 

emission signals measured in time-resolved fluorescence experiments. Analysis of 

multiple microsecond-length trajectories shows that the DNMPs sample all four coplanar 

stacking motifs. In addition, three metastable unstacked conformations are detected. A 

hidden Markov-state model (HMSM) was applied to the simulations to estimate 

transition rates between the stacked and unstacked states. Transitions between different 

stacked states generally occur at higher rates when the number of nucleobase faces 

requiring desolvation is minimized. Time constants for structural relaxation range 

between 1.6 and 25 ns, suggesting that emission from photoexcited 2Ap, which has an 

excited-state lifetime of 10 ns, is sensitive to base stacking kinetics. A master equation 

model for the excited-state population of 2Ap predicts multiexponential emission decays 

that reproduce the sub-10 ns emission decay lifetimes and amplitudes seen in 
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experiments. Combining MD simulations with HMSM analysis is a powerful way to 

understand the dynamics that influence 2Ap excited-state relaxation and represents an 

important step toward using observed emission signals to validate MD simulations. 

 

4.1 Introduction 

 

 

 The adenine isomer 2-aminopurine (2Ap) is a highly fluorescent-modified 

nucleobase that has been successfully used as a probe of nucleic acid structure and 

dynamics (Figure 4.1).10, 18-20 As a monomer in aqueous solution, 2Ap is highly emissive, 

and a monoexponential decay with a lifetime of 10 ns is observed in time-resolved 

fluorescence (TRF) measurements. However, when 2Ap is incorporated into a DNA 

strand, its emission is strongly quenched, and the measured emission signals exhibit 

multiple exponential decay components.11, 22, 30, 46, 50, 78, 136-139 This complexity is already 

observed in dinucleoside monophosphates (DNMPs), the shortest possible DNA strands 

with just two interacting nucleosides joined by a phosphate group. For example, studies 

of 2Ap-labeled single-stranded DNA dinucleotides show that three to five exponentials 

are needed to fit the measured emission signals between 100 ps and 50 ns.14, 30 Even 

though the 2Ap fluorophore interacts with only a single nucleobase to which it is joined 

via the usual phosphate linkage found in nucleic acids, detailed understanding of the 

mechanisms responsible for fluorescence quenching is still lacking. 
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Figure 4.1. Chemical structures of adenine (top, with ring numbering) and its fluorescent 

isomer 2Ap (bottom). The  face (explained in the results section) is oriented toward the 

viewer in each. 

 

It is widely believed that base stacking quenches fluorescence by a 2Ap label in 

an oligonucleotide.12, 14, 21-22 The observed complexity of the emission signals likely 

reflects an underlying diversity of structures, which transition between stacked and 

unstacked structures over multiple timescales. However, the structures of dinucleotides 

and DNMPs are commonly considered using two-state models in which the bases are 

either stacked or unstacked.23-25 These models have been used to estimate base stacking 

and unstacking rates from ultrasound and temperature-jump measurements,23, 25, 140-141 but 

it is not clear that the resulting rates accurately capture the underlying dynamics. Recent 

molecular dynamics (MD) simulations of RNA DNMPs indicate that base stacking plays 

out on a complex structural landscape that involves six or more distinct regions of 

conformational space.38, 142 Structural heterogeneity was also found by ab initio 

calculations of the stacking potential energy surface, which identified 10− 18 minima for 

two stacked bases without any backbone present.143 
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There is general agreement that the complex TRF signals seen in 2Ap-labeled 

oligonucleotides arise from multiple DNA structures (structural heterogeneity) and 

transitions between these structures (conformational dynamics).10 The role of 

conformational dynamics is most strongly supported by temperature-dependent 

measurements, which show that increasing the temperature actually decreases the mean 

emission decay lifetime of the 2Ap label.14, 30 This is not predicted by a static model as 

increasing the temperature decreases the number of stacked bases. Although both static 

quenching and dynamic quenching are known to be important, a model that correctly 

predicts the balance between them for a particular 2Ap-labeled oligomer is lacking. 

 Markov-state models (MSMs) can be used to estimate the kinetics of 

interconversion among the many structures sampled by biomolecules.41-43, 144 MSMs 

work by assuming that the memory of previous structures is lost on a much shorter 

timescale than a typical structural residency time.145 By using a lag time to neglect short-

time memory effects, the long-time probability of transitioning between any two 

structures is a time-independent rate constant that can be estimated by counting 

transitions and dividing by the residency time of the initial state.146 While discretizing the 

conformational space into disjoint regions provides a way to count transitions, more 

advanced methodologies have been developed based on network models.147-148 

Unfortunately, the full conformational space for a DNMP has too many degrees of 

freedom to make discretization practical, so projections onto reduced dimensional free 

energy surfaces (FESs) are required.149 The MSMs constructed on a reduced dimensional 

FES are then termed projected Markov models.150 This has the practical advantage of 

reducing model complexity so that the important conformations of the biomolecule can 
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be identified. Noé  et al. have shown that projected Markov models can be approximated 

by hidden Markov-state models (HMSMs), which assume that conformations are not 

necessarily disjoint on the FES, and it is this approach that will be used here to quantify 

the structural heterogeneity and conformational dynamics of the DNMPs 5′-(2Ap)A-3′  

and 5′-A(2Ap)-3′ .145, 150 

Pinamonti et al.142 recently used MSMs to analyze MD simulations of several 

RNA oligonucleotides and showed that structural conversions occur over multiple 

timescales ranging from a few nanoseconds to 80 ns. Despite the dynamical complexity 

revealed in this work, the authors compared the stacking kinetics inferred from the 

simulations with temperature-jump experiments that predict first-order folding kinetics. 

This begs the question of whether other experimental observables might provide a better 

basis for evaluating the simulated dynamics. Here, we propose that the multiexponential 

TRF signals from 2Ap-labeled oligonucleotides can provide a sensitive test of the 

multiscale stacking kinetics seen in simulations like those in ref 142. To explore this 

possibility, MD simulations of 5′-(2Ap)A-3′ and 5′-A(2Ap)-3′ DNA DNMPs were 

performed and analyzed with HMSMs. The twin aims of our study are to (1) quantify the 

structural heterogeneity and conformational dynamics predicted by the current Amber 

force fields using HMSMs and (2) assess the role of structural dynamics in TRF 

quenching experiments.  
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4.2 Methods 

 

 

4.2.1 MD Simulations 

 MD simulations of all DNMPs were run using the GPU-accelerated Amber 

package for explicit solvent particle mesh Ewald summation-based simulations.36 Amber 

force field parameters ff99bsc032 were used along with refined base stacking 

parameters,33 χ dihedral parameters,34 and ε and ζ backbone torsion parameters.52 The 

restrained electrostatic potential (RESP) fitting procedure was used to derive point 

charges for the 2Ap base.53 A methyl group was used as a cap for the nucleobase during 

the charge fitting procedure. The nonstandard nucleobase was optimized at the B3LYP/6-

31G* level of theory, and subsequently, the electrostatic potential was calculated using 

the HF/6-31G* level of theory. Both geometry optimization and electrostatic potential 

calculations were performed in the GAMESS program.54-55 Atomic charges were fit to 

the electrostatic potential using the RESP module in Amber (Table A.2.1 and Figure 

A.2.1). Also included in Table A.2.1 are the atom types. DNA residues of the 2Ap base 

were developed by combining the parameterized sugar backbone with the parameters for 

the nonstandard nucleobase. Initial structures were generated using LEaP, and a single 

Na+ counterion56 was then added to each DNMP. The DNMP was solvated using enough 

TIP3P water molecules (1594 and 1590 waters for the 5′ - and 3′ -labeled samples) to fill 

a rectangular box such that no solute atom was less than 12 Å from the edge of the box. 

Na+ and Na- ions56 were then added to simulate a salt concentration of 100 mM. 

These initial structures were put through a multistage minimization and 

equilibration procedure. During each of four minimization and four equilibration stages, 
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restraints on the solute atomic positions were reduced from very strong to nonexistent. 

This resulted in a density near 1.000 ± 0.005 g mL−1 and a final rectangular box volume 

of 35 X 35 X 40 Å3. The fourth equilibration stage was run for 1 ns with the same 

settings used in production runs. Specifically, a constant temperature of 300 K was 

achieved using the weak-coupling algorithm59 with a 10 ps time constant, and the 

isotropic Monte Carlo barostat with a relaxation time of 1 ps maintained constant 

pressure. The SHAKE algorithm was used to constrain bonds involving hydrogen,35 

allowing a 2 fs time step to be utilized for the simulations. A 10 Å cutoff  was used for 

nonbonding interactions. Finally, five trajectories were run for 2 μ s for each DNMP with 

all coordinates saved every 2 ps. Simulations were conducted using NVIDIA Pascal P100 

GPU nodes on the Ohio State Supercomputing Center Owens Cluster.60 

 

4.2.2 Postprocessing 

 Structures were first stripped of water and ions using the CPPTRAJ program.61 

The coordinates for each were analyzed with in-house Python scripts utilizing the 

MDAnalysis package.62-63 The center of mass (COM) position was calculated for each 

base in the DNMP as if it were a free base (i.e., by ignoring the ribose group). The COM 

positions for the two bases in this study, adenine and 2-aminopurine, are illustrated in 

Figure 2. Next, the six coordinates needed for the rigid body transformations that bring 

the 5’ nucleobase into overlap with the 3’ base were calculated. To do this, three 

orthogonal unit vectors, 𝑣 1, 𝑣 2, and 𝑣 3, were found for each purine nucleobase using the 

position vectors (𝑥 ) for the N1, N7, and N9 atoms (Figure 4.2). The first axis, 𝑣 1, was 

calculated by normalizing (𝑥 N1 − 𝑥 N9), then 𝑣 3 as (𝑥 N7 − 𝑥 N9)/|(𝑥 N7 − 𝑥 N9)|  𝑣 1, and 
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finally 𝑣 2 as 𝑣 1  𝑣 3. For a nucleobase in a double-stranded B-form DNA structure, 𝑣 1 

and 𝑣 2 point toward the major groove and toward the complementary strand, 

respectively, while 𝑣 3 is directed in the 3’ to 5’ direction.67-70 The three distance 

parameters (shift, slide, rise) were calculated by projecting the vector defined by the 

difference between the two center of mass vectors onto the three 5’ base axes. However, 

instead of the usual three angular parameters (roll, tilt, and twist), the projection of the 3’ 

base axes onto the respective 5’ base axes were used so that the projection of the two 

base normal vectors represents the cosine of the angle between the two nucleobase 

planes, cos(). 

It was found that the important conformational states can be easily visualized by 

projecting the six-dimensional space onto the two-dimensional space formed by cos() 

and the COM distance between the two nucleobases multiplied by the sign of the rise 

helical parameter (a one-dimensional displacement vector). FESs were calculated by the 

negative logarithm of the normalized 2d histogram formed by binning the trajectories 

along these two coordinates. For each DNMP the zero for free energy was set to the bin 

with the largest number of counts. Additional FESs were calculated for the 5’ and 3’ 

dihedrals defined in Figure 2. Following convention,151 the  glycosidic bond torsion 

angles are classified as syn or anti depending on their values: syn: (−90°, 90°), anti: 

(−180°, −90°) or (90°, 180°).  
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Figure 4.2. The atomic coordinates used to calculate the helical parameters and glycosidic 

dihedral angles illustrated for the 5’-A(2Ap)-3’ DNMP. The 5’ base is shown in red, and 

the 3’ base is shown in blue. The three orthogonal axes for each base defined using N9, 

N7, and N1 are shown in black with the origin positioned at the COM. For the dihedral 

angles about the glycosidic bonds, 5’ and 3’, the O4’, C1’, N9, and C4 atomic 

coordinates were used.65 In the extended structure shown, the rise is negative, while 

cos() is positive. 

 

Both standard MSMs and HMSMs were constructed using the Pyemma 

Package.73 First, the six rigid body transformation coordinates and the 5’ and 3’ 

dihedrals from each independent 2 µs run were normalized by their range and shifted to 

have zero mean. While directly calculating the mean value of a periodic variable such as 

an angle can yield incorrect values of the mean, it sufficed here for preprocessing the data 

for clustering. A dataset including all five of the runs was then clustered using the regular 

space clustering algorithm with a minimum distance of 0.18 and a stride of 200 ps, 

resulting in around 2000 cluster centers.43 Implied timescales were calculated and a lag 

time of 500 ps was chosen for reversible MSM estimation for both DNMPs (Figure 

A.2.2A and B). At this lag time, at least six timescales were apparent for both samples, 

although the ratio between the 6th and 7th timescale was only 1.2. Additional HMSMs 
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were also constructed using other lag times (Figure A.2.3A-C for lag times of 0.50, 0.75, 

and 1.25 ns), and assuming a different number of states (Figure A.2.4A-D for 7, 8, 9, or 

10 states). A Chapman-Kolmogorov test was conducted assuming seven metastable states 

(Figure A.2.5).43 The MSMs were then coarse grained to seven states and the resulting 

memberships investigated to ensure good separation of states for both DNMPs, 5’-

A(2Ap)-3’ (Figure A.2.6A) and 5’-(2Ap)A-3’ (Figure A.2.6B).152 The seven states 

include the four possible types of stacks (i.e., , , , and , see the results section 

for further details), two states denoted as sheared conformations, and a large number of 

conformations in which the bases are generally quite distant (Ex, for extended 

conformation). 

The static occupation probabilities were taken from the equilibrium eigenvector of 

the reversible HMSM constructed using all five datasets. The transition probability 

matrix encoding the probability of transitioning between the seven states over a 500 ps 

window was converted to a rate matrix by dividing by the 500 ps lag time. Furthermore, 

the diagonal elements were adjusted to yield a zero row sum in order to conserve 

population (see Tables 2 and 3). To estimate error bars for the interconversion rates, the 

procedure was repeated for the individual 2 μs runs. The errors listed in the text and in 

the tables are the sample standard deviations calculated from the set of 2 μs trajectories 

and are hereafter referred to as 1σ errors. Investigating the FESs (Figure 4.3) calculated 

for individual runs showed that the αβ  stack (see Results section for a definition) was 

visited for all of the 5′ -A(2Ap)-3′ runs but only three of the five 5′-(2Ap)A-3′ runs. For 

each of the eight runs where all four stacks were visited, transition probability matrices 
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were calculated and used to obtain 1σ errors for each DNMP using in-house Python 

scripts that utilize the Scipy and Numpy packages.64 

To investigate changes in the solvent accessible surface area (SASA) during 

structural transitions, the SASA of the entire DNMP was first calculated with CPPTRAJ 

using the molsurf command with a probe of 1.4 Å.66 Then the trajectories were 

discretized using Shapely,74 and the regions are indicated in Figure A.2.7A to get 

sequences of conformations visited. A search was conducted to find transitions between 

any pair of conformations that occurred within 500 ps using a sliding window. 

Transitions were only saved when the initial/final states were visited for at least 75% of a 

25 ps padding time inserted before and after the 500 ps transition time. The SASA during 

these 550 ps transition paths was averaged over all transitions of a particular type to 

produce the curves shown in Figure 4.6 in the Results  section. This procedure was 

repeated using different regions (Figure A.2.7B) and different parameters to accept 

transitions (padding time of 30− 70 ps and visitation limit of 70− 80%) to verify that 

similar results were obtained (Figure A.2.8). 

The creation and diagonalization of master equations to predict the population of 

electronically excited 2Ap were also done using in-house Python scripts that utilize the 

Scipy and Numpy packages.64 To calculate the amplitudes associated with each predicted 

decay rate, Ai = (𝑁⃗⃗ (0)·vi )(𝑂⃗ ·vi) is used,153 where 𝑁⃗⃗ (0) is the initial excited-state 

population, assumed to be just the ground-state equilibrium obtained from the HMSMs, 

and 𝑂⃗  is a vector containing the relative radiative rates in each conformation. For the 

purposes here, 𝑂⃗  was set to a vector of ones, corresponding to the assumption that the 

radiative rate in each conformation is identical.  
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4.3 Results 

 

 

 A robust algorithm for identifying base-stacked conformations of the DNMPs is a 

prerequisite for analyzing both structural heterogeneity and base stacking kinetics. This 

algorithm must also identify the different stacking motifs that arise because of the two 

distinct faces of each nucleobase. Following Rose,154 the two faces of purine bases are 

denoted by α and β , according to whether the five-membered imidazole ring is at 9 or 3 

o’ clock, respectively, when the vector pointing from C4 to C5 is oriented toward 12 o’ 

clock.26 A DNMP can therefore adopt any of four possible cofacial stacking motifs, 

depending on whether the α or β face of the 5′ base is stacked against the α or β face of 

the 3′ base. Henceforth, these will be referred to as βα, ββ, αα, and αβ, where βα indicates 

that the β face of the 5′ base is stacked against the α face of the 3′ base. For example, the 

DNMP shown in Figure 4.2 has αβ stacking, and the β faces of the nucleobases face the 

viewer. 

The six helical parameters67 describing the rigid body transformations bringing 

the 5′  base axes into alignment with 3′ base axes (Figure 4.2) encode the face−face 

stacking motifs in the sign of the rise and the angle between the two nucleobase planes, θ 

(see Figure 4.2). The sign of the rise indicates whether the 5′ base is showing its α (rise < 

0) or β face (rise > 0) to the 3′ base. Similarly, the sign of cos(θ) determines if the 3′ base 

is showing its α (cos(θ) > 0) or β face (cos(θ) < 0) to the 5′ base. Here, we use the COM 

distance multiplied by the sign of the rise (henceforth, this product will be referred to as 

displacement) and the cosine of θ to define a 2D FES that can easily distinguish the four 

stacks (Figure 4.3). 
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Both Figure 4.3 A,B reveal four minima where the bases are close (|displacement| 

< 5.5 Å) and nearly coplanar (0.75 < | cos(θ)| ), corresponding to the four cofacial 

stacking motifs of the two sequence isomers. A great diversity of unstacked 

conformations contributes to the FESs in Figure 4.3 , but even here, some structure is 

apparent. When the rise is negative, relatively low-energy structures are found that have 

displacement values between −7.5 and −5 Å and 0.3 < | cos(θ)| < 1. These are designated 

as sheared conformations because of their resemblance to structures seen in simulations 

of RNA DNMPs by Hayatshahi et al.38 These structures have intermediate 

proximity/coplanarity and are denoted with an asterisk, αα* and αβ*. The remaining 

regions of the 2D coordinate space represent the additional extended conformations of the 

DNMP, which will be denoted by Ex. 
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Figure 4.3. FESs calculated from five 2 µs MD simulations of (A) 5’-A(2Ap)-3’ and (B) 

5’-(2Ap)A-3’. The displacement plotted on the x-axis is the COM distance between 

nucleobases multiplied by the sign of the rise helical parameter, and  is the angle 

between the nucleobase planes. The four cofacial stacking motifs and the two sheared 

conformations are labeled according to the text with dashed lines positioned near their 

respective minima. 

 

 

Although the 2D surfaces in Figure 4.3 are informative, they lack the atomic 

detail that MD simulations provide. Sample structures for the seven states taken from 

near the minima in Figure 4.3  are shown in Figure 4.4 . The extended structure shown 

was selected arbitrarily from the broad distribution of structures that characterize that 

state. Examining these structures reveals key differences between the two most likely 

stacks; in the βα stack, the twist is modest (36.3° ), whereas the ββ stack has a large twist 

value (155°). Mean twist, χ3′, and χ5′ values are tabulated in Table A.2.2 . This twist arises 

because the dihedral angle χ3′ is in the syn orientation for βα and anti for ββ .155 On the 

other hand, χ5′ is anti for αα  and syn for αβ stacks. 

In the sheared conformations, χ5′  adopts values similar to the ones observed in the 

highly populated ββ  and βα stacks. Partitioning the 2D FESs along χ3′ and χ5′ for both 

DNMPs in Figure A.2.9 demonstrates how these coordinates partition the 
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displacement/angle space shown in Figure 4.3 (and in Figure A.2.10). The images in 

Figure 4.4 show that sheared conformations involve noncovalent interaction of the 3′  

nucleobase face with the O4′  atom on the deoxyribose sugar backbone. The solvent 

around these sheared conformations does not appear to penetrate between the 3′ 

nucleobase face and the backbone, while both faces of the 5′ base are solvated. 

 

 
Figure 4.4 Representative structures of the seven metastable conformational states of the 

5’-A(2Ap)-3’ DNMP taken near the minima in Figure 4.3A. The labels for each structure 

are defined in the text. In each structure, the 5’ base (adenine) is always shown in the 

same orientation with its amino group pointing to the left. 

 

 

 Now that the structural heterogeneity in these DNMPs has been classified, the 

conformational dynamics can be estimated using HMSMs.150 First, the use of Markovian 

kinetics is justified qualitatively by investigating the stochastic behavior of the COM 

distance and angle time traces (Figure 4.5). Figure 4.5 reveals the separation of 

timescales between infrequent transitions among the different metastable states (e.g., the 

ββ → Ex transition seen near 50 ns) and the rapid fluctuations about the metastable 

minima that precede these transitions (e.g., at times between 30 and 50 ns). First, ∼2000 
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state MSMs were constructed using the eight-dimensional dataset defined by the six rigid 

body transformations plus χ3′ and χ5′. A variety of other coordinates were tried including 

ones from a time-lagged independent coordinate analysis72 of all atomic positions in the 

reference frame defined by the 5′ base axes, all backbone dihedral angles, and a 

coordinate set that included only the displacement and cos(θ), but all produced similar 

MSMs. The MSMs were then coarse-grained into seven-state HMSMs. Further validation 

and construction of the MSMs/ HMSMs are described in the Appendix 2 (see Figures 

A.2.2− A.2.6); however, it is noted here that the seven aforementioned structures 

coincide with six timescales at a 500 ps lag time and fall out naturally from the 

metastable memberships in the HMSMs (Figure A.2.6). 

 

 
Figure 4.5. A 60 ns portion of the center of mass distance time trace (bottom) and the 

cosine of the angle between the two nucleobase normal vectors (top) for the 5’-A(2Ap)-

3’ DNMP. The structures visited during the 60 ns are shown above. 
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The equilibrium eigenvectors from the resultant HMSMs, which represent the 

probability of being in a particular conformation, are shown in Table 4.1. In agreement 

with Figure 4.3 , the ββ and βα stacks are the most populated structures for both DNMPs. 

In 5′-A(2Ap)-3′, βα is the most probable stack, whereas ββ has more population in 

5′-(2Ap)A-3′ . On the other hand, the αβ and αα stacks are both rare with populations 

near 1%. The former is the stacking conformation found in crystal structures of double-

stranded B-DNA. The unstacked conformations (Un) are roughly equally distributed 

between the αβ* , αα* , and Ex conformations. Calculating the stacking equilibrium 

constant, Ks = [St]/[Un], from the HMSM equilibrium populations gives values of 2.6 ± 

0.8 for 5′-A(2Ap)-3′ and 2.7 ± 0.4 for 5′-(2Ap)A-3′. The general location for each of the 

seven structures is shown in Figure 4.3, and the values of χ3′ and χ5′ are also shown in 

Table 4.1. 

 

Table 4.1. Relative probabilities and characteristic structural parameters for the 

conformations in the HMSMs.a 

Sample State Prob. / % Sign(rise) Sign(cos()) 5’ 3’ 

5’-A(2Ap)-3’  43.7 (7.6) + + syn syn 

  25.7 (8.5) + − syn anti 

  1.5 (1.1) − − anti syn 

 * 5.8 (3.2) − − syn syn 

  1.1 (0.3) − + anti anti 

 * 8.9 (1.4) − + syn anti 

 Ex 13.3 (6.0) +/− +/− syn/anti syn/anti 

5’-(2Ap)A-3’  23.1 (2.4) + + syn syn 

  47.1 (3.3) + − syn anti 

  1.4 (1.3) − − anti syn 

 * 7.5(1.5) − − syn syn 

  1.3 (3.2) − + anti anti 

 * 12.2 (3.2) − + syn anti 

 Ex 7.4 (1.8) +/− +/− syn/anti syn/anti 
aValues in parentheses are 1 errors estimated from independent trajectories.   
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For both DNMPs, the rate matrices containing the individual transition rates 

between the different structures were estimated from a single dataset formed by joining 

the five independent 2 μs trajectories, while the 1σ errors were estimated from HMSM 

analyses of the five 5′-A(2Ap)-3′ trajectories and three 5′-(2Ap)A-3′ trajectories because 

two of the latter trajectories did not visit the αβ state. The rates are shown in units of μs−1 

in Tables 4.2 and 4.3. Inspection of Tables 4.2 and 4.3 shows that rates from extended 

and sheared conformations to stacked states (i.e., stacking transitions from any of the Un 

states to any of the stacked states αβ, αα, βα, or ββ) are generally greater than unstacking 

rates. The stacking rates have a broad range from <1 μs−1 (αα* → αβ) to ∼200 μs−1 (αβ* 

→ ββ). All four stacking/unstacking transitions associated with αα* ↔ αβ and αβ* ↔ αα 

have very small rates. Interconversions between the different unstacked conformations 

occur at moderate rates that exceed 10 μs−1. 

For both DNMPs, transitions for which both the rise and cos(θ) change sign 

generally have larger rates than ones when only the rise changes sign. In Tables 4.2  and 

4.3, the former are highlighted in blue, whereas the latter are shown in red text. The 

favored transitions also include the aforementioned αβ* → ββ stacking transition, which 

has the largest rate for 5′-A(2Ap)-3′. Finally, with a few exceptions, transitions when 

only cos(θ) changes sign (purple in Tables 4.2 and 3) have larger rates than when only 

the rise changes sign (red in Table 4.2). 
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Table 4.2. Transition rates (in s-1) for 5’-A(2Ap)-3’.a,b,c 

       Final 

Initial 
    * * Ex 

  -51 

(7) 

 2.3 

(0.8) 

 0.7 

(0.5) 

 0 

(0) 

 7 

(19) 

 2.6 

(1.4) 

 38 

(21) 

  3.8 

(2.7) 

 -96 

(7) 

 0.1 

(0.7) 

 1.7 

(1.1) 

 1.7 

(2.9) 

 83 

(9) 

 5.6 

(2.6) 

  20 

(22) 

 2 

(5) 

 -192 

(86) 

 32 

(37) 

 18 

(89) 

 5 

(8) 

 116 

(70) 

  0 

(0) 

 39 

(11) 

 44 

(31) 

 -185 

(80) 

 0 

(0) 

 94 

(48) 

 8 

(84) 

*  51 

(77) 

 7 

(7) 

 5 

(5) 

 0 

(0) 

-262 

(89) 

 15 

(25) 

 183 

(82) 

*  13 

(5) 

 240 

(48) 

 0.9 

(1.6) 

12 

(4) 

 10 

(34) 

 -372 

(41) 

 97 

(36) 

Ex  127 

(61) 

 11 

(6) 

 14 

(8) 

 1 

(54) 

 81 

(35) 

 66 

(56) 

 -300 

(51) 
aValues in parentheses are 1 errors estimated from independent trajectories.  
bWith the exception of transitions involving the Ex state, transition rates are color-coded, 

depending on whether rise (red), cos(θ) (purple), or both rise and cos(θ) change sign 

(blue). 
cFor clarity, values less than 0.5 μs−1 are shown as zero. 
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Table 4.3 Transition rates (in s -1) for 5’-(2Ap)A-3’.a,b,c 

       Final 

Initial 
    * * Ex 

 -60 

(7) 

 7.6 

(1.8) 

1.1 

(0.7) 

 0 

(0) 
 44 

(17) 
 1.6 

(1.0) 

 6 

(23) 

  3.7 

(1.4) 

 -889 

(6) 

 0 

(0) 

 1 

(16) 
 3.0 

(1.5) 
 49.1 

(6.2) 

 32 

(14) 

 17 

(26) 

 7 

(20) 

-100 

(38) 

 34 

(24) 
 41.7 

(0.3) 
0 

(0) 

0 

(0) 

  0 

(0) 
 41 

(87) 
 37 

(11) 
-200 

(220) 
 4 

(11) 
 68 

(62) 
 56 

(88) 
*  137 

(56) 

 19 

(14) 

 7.8 

(0.4) 

 0 

(6) 
 -315 

(14) 
 33 

(12) 

 117 

(66) 

*  3.1 

(1.2) 

 190 

(31) 

 0 

(0) 

 7 

(48) 
 21 

(3) 
 -317 

(25) 

 96 

(35) 

Ex  18 

(50) 

 200 

(120) 

 0 

(0) 

 10 

(73) 
 119 

(24) 
 157 

(87) 

 -500 

(11) 
aValues in parentheses are 1 errors estimated from independent trajectories.  
bWith the exception of transitions involving the Ex state, transition rates are color-coded, 

depending on whether rise (red), cos(θ) (purple), or both rise and cos(θ) change sign 

(blue). 
cFor clarity, values less than 0.5 μs−1 are shown as zero. 

 

 

Tables 4.2 and 3 were obtained by enforcing detailed balance with respect to the 

observed distribution of conformations, which ensures that an eigenvalue of zero is 

associated with the equilibrium eigenvector.40, 43 The reciprocals of the remaining six 

nonzero eigenvalues are the relaxation times. These values (with 1σ errors) are calculated 

to be 2.09 (0.26), 2.63 (0.41), 4.32 (0.92), 5.4 (1.1), 7.0 (2.5), and 23.0 (1.4) ns for 

5′-A(2Ap)-3′ and 1.66 (0.22), 2.71 (0.35), 3.72 (0.52), 4.7 (1.5), 11.1 (6.6), and 20.6 (5.3) 

ns for 5′-(2Ap)A-3′. The eigenvectors associated with each of the relaxation times43 

identify the structural transitions occurring on that timescale. This is demonstrated 

graphically in Figure A.2.11 , where the interconverting structures result in oppositely 

signed amplitudes in the eigenvector. The eigenvectors show that the slowest modes are 

associated with transitions between different stacking motifs and the intermediate modes 
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resemble various unstacked to stacked transitions, while the fastest modes  represent 

interconversion between the extended and sheared conformations. The general trends 

described above were also observed when lag times of 0.75 and 1.25 ns were used to 

construct the HMSMs (Figure A.2.3). 

 

4.4 Discussion 

 

 

4.4.1 Stacking Heterogeneity of the DNMPs 

 Previous MD studies of RNA and DNA DNMPs have compared two-state 

stacked/unstacked equilibrium constants predicted by customized force fields to 

experimental measurements.24, 38, 156 However, as Pinamonti et al. pointed out,142 the 

experiments suggesting two-state folding may capture only the slowest component of the 

dynamics. As discussed below, our MD simulations support the conclusion that base 

stacking is an inherently multiscale phenomenon. We propose that the famously 

multiexponential fluorescence decay signals observed in the studies of 2-Ap-containing 

DNA strands10 are evidence for this and can thus be used to rigorously test the dynamical 

predictions made by MD simulations. 

The predicted Ks values of 2.6 ± 0.8 for 5′-A(2Ap)-3′ and 2.7 ± 0.4 for 

5′-(2Ap)A-3′ fall within the wide range of experimental values reported for (dA)2 using 

circular dichroism spectroscopy (1.8−11.5).31, 157 The Ks values determined here are 

lower than the value of 4.49 ± 0.84 for (dA)2 determined by Brown et al.24 from MD 

simulations of DNA DNMPs using Amber force fields that lacked the stacking 

corrections used here. These corrections are needed to avoid overstabilizing base 

stacking. Our Ks values are larger than the value of 1.0 ± 0.03 found by Hayatshahi et 
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al.38 for the RNA DNMP 5′-AA-3′ in simulations that used stacking corrections. 

Experiments have shown greater stacking for the DNA 5′-AA-3′ DNMP than for the 

RNA form.24, 158 

Hayatshahi et al.38 also sought to quantify the structural heterogeneity of RNA 

DNMPs using temperature replica exchange MD simulations. Using K-means clustering 

of the heavy atom coordinate space, they found that 5′-AA-3′ adopts five different 

structures, which they designated A-form, ladder, inverted, sheared, and extended. These 

structures correspond, respectively, to the αβ, ββ, βα, αβ*, and Ex structures of this study. 

It is unclear whether their analysis missed the αα* sheared conformation and the rare αα 

stack, or if these structures are only observed in DNA DNMPs like the ones studied here. 

The most probable stacks observed here, ββ and βα, were also the most probable 

in the simulations in ref 38. Our 2D χ5′ and χ3′ FESs (Figure A.2.9) are consistent with 

their 1D histograms for χ5′ and χ3′ (ref 38, Figure S7), which are both bimodal and favor 

positive (syn) values of χ5′ and χ3′. Figure A.2.10 shows how these variables partition the 

displacement and cos(θ) space. Furthermore, Hayatshahi et al.38 found that reversing the 

base sequence in purine-containing DNMPs (e.g., AG vs GA) does not introduce new 

structures but perturbs the relative population of each structure. This is consistent with 

the finding here that 5′-A(2Ap)-3′ and 5′-(2Ap)A-3′ sample similar structures but with 

different probabilities (Table 4.1). 

The key structural difference between βα and ββ stacks is the syn versus anti 

value of the glycosidic bond dihedral angle, χ3′, a change that is accompanied by a 

reversal in the sign of cos(θ) (Table 4.1 ). Table 4.1 reveals a further pattern in the χ5′ and 

χ3′  values: the sheared αα* adopts similar χ5′, χ3′ values as the βα stack, and similar 
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glycosidic bond dihedral angles are observed for the sheared conformation αβ* and the 

ββ stack. This suggests that these sheared conformations are misfolded states where χ5′ 

and χ3′ are ready to form a more stable stack (βα/ββ), but the 3′ base happens to have 

positive, instead of negative, rise and interacts with the backbone instead of with the 5′ 

base. Additionally, the rare stacks (αα, αβ) and their corresponding sheared 

conformations (αα*, αβ* ) have different χ5′  values but otherwise exhibit similar values 

for the remaining conformational degrees of freedom explored here. 

Insight into the factors influencing base stacking can be gained from the above 

observations. For instance, if the influence of the backbone can be neglected, and if 

favorable electrostatics159 and dispersion160 are the most important factors stabilizing base 

stacking in a particular stacking motif, then the observation that βα is the most populated 

stack in 5′-A(2Ap)-3′ suggests that αβ should be the most populated stack in 5′-(2Ap)A-3′ 

simply because both structures have the β-face of adenine stacking with the α-face of 

2Ap. However, this was not observed, and the αβ stack of 5′-(2Ap)A-3′ was visited a 

mere 1% of the simulation time (see Table 4.1). In fact, inspection of Tables 4.2 and 3 

shows that permuting the A and 2Ap residues changes the relative population of each of 

the various stacking types only modestly. Thus, it may be incorrect to ignore the 

backbone. Instead, it is more important whether the backbone conformation exposes the α 

or β face of the 5′ base to the α or β face of the 3′ base than whether the 5′ base is A or 

2Ap. More specifically, Figures S9 and S10 show that each type of stack has 

characteristic anti/syn values of χ5′ and χ3′. We propose that the entropy of the backbone 

is the decisive factor explaining the increased propensity to form βα  and ββ stacks over 

αβ and αα stacks and that the electrostatics and dispersion forces are minor contributors. 
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This is consistent with the idea that the backbone conformational entropy has a large 

influence on stacking energetics.161 

 

4.4.2 Conformational Dynamics of the DNMPs. 

 Experimentally, the kinetics of base stacking and unstacking were investigated by 

temperature-jump UV−visible, acoustic attenuation, and NMR spectroscopies in the 

1970s.25, 140-141, 162-164 The interpretation of these experiments emphasized transitions 

between just two states: random coil (or, as we refer to it here, “extended”) and stacked. 

On the other hand, MD simulations reveal a larger number of possibly kinetically trapped 

states, so it is difficult to make comparisons with the experiment.142 We examine this 

issue carefully below when we address DNMP emission decays, but we first discuss the 

characteristic timescales for conformational transitions known from various experiments. 

Monomeric purine nucleosides switch between syn and anti conformations about 

χ with time constants of a few nanoseconds (2.7 ns for adenosine).165-166 The estimated 

rates for transitions in the DNMPs (Tables 4.2 and 4.3) where only one of χ5′ or χ3′  

changes are much slower than 370 μs−1 = (1/2.7) ns−1, a difference that may be due to the 

steric hindrance introduced by the second nucleobase when the bases are stacked or by 

the ribose when they are sheared. Building in complexity, the aggregation of two 

nucleobase monomers in solution to yield a dimer was found to occur with a second order 

rate constant for stacking in the range of 108−109 M−1 s−1 and a first-order unstacking rate 

on the order of 107 s−1.140, 167 According to Tables 4.2 and 4.3, transitions between the 

most common stack of each DNMP and the extended state occur at a rate of 

approximately 3 x 107 s−1 in reasonable agreement with experiment. 
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To our knowledge, direct experimental observations of base stacking kinetics 

have not been reported for DNA DNMPs, but RNA DNMPs were investigated via 

temperature-jump measurements 40 years ago revealing a single relaxation timescale of 

29 ± 6 ns for AA at 300 K.23 Ref 23 also reported a longer timescale of 100− 300 ns for 

dA2  and poly(A), but later measurements on poly(A) did not report a 100s of ns time 

constant. As pointed out by Pinamonti et al.,142 it is possible that the high electric field 

used in the older cable discharge experiments led to artifacts. The single experimental 

timescale for AA is comparable to the longest timescale of 23.0 ± 1.4 ns for 5′-A(2Ap)-3′ 

predicted by HMSMs, which is due mostly to transitions between ββ  and βα  stacks, 

although the sheared conformation αβ* also contributes (Figure A.2.11A). The 

5′-(2Ap)A-3′ sample also includes a contribution from the sheared conformation αα*  

(Figure A.2.11B). The contribution of αβ* or αα* to the slowest relaxation process may 

be significant because these sheared conformations ought to display significantly 

different hypochromicities than the stacks because of the disruption of π−π interactions. 

An idealized relaxation experiment was simulated using the full MSMs and the 

dynamical fingerprint methodology.153 To mimic a temperature-jump measurement with 

UV−visible absorption detection, stacked conformations were classified using a COM 

distance cutoff of 5 Å (distance < 5 Å) and a θ cutoff of 45° (| cos(θ)| > 0.707). This 

distance cutoff distinguishes between the stacks and sheared conformations found in the 

negative displacement region of Figure 4.3, whereas the angular cutoff  captures much of 

the stacked regions in the FES in Figure 3. Then, the initial nonequilibrium population 

resulting from a 2.5 K temperature jump168 was determined using the Boltzmann 

distribution for 302.5 K inferred from the relative probabilities in the MSM. The 
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observation vector, which maps the average values for an experimental observable onto 

each conformation, was set to 0.9 for stacks and 1 for unstacked conformations. 

Physically, this corresponds to the stacked conformations having a 10% lower 

UV−visible absorption cross section. The value of 10% was selected based on the 

percentage hypochromicity of 9.4% reported for the RNA DNMP ApA at its peak 

absorption wavelength.169 

The simulated signals for both samples are shown in Figure A.2.12, and the 

timescales and amplitudes are listed in Table A.2.3. The majority of the relaxation for 

both samples is due to the shorter <10 ns timescales, while the slowest timescales make 

up 10% of the signal for 5′ -A(2Ap)-3′ , but only 2% for 5′-(2Ap)A-3′. We note that the 

amplitudes of the slowest timescales are sensitive to the exact values of hypochromicity 

chosen for the ββ and βα stacks, which could in fact be slightly different. There are no 

experimental temperature-jump data to compare to, but the simulated signals predict that 

higher time resolution measurements will detect multiscale dynamics with a difference 

between shortest and longest time constants of a factor of less than 20. This suggests that 

the earlier temperature-jump experiments, which had a time resolution of 10− 50 ns,25 

may have missed the faster stacking time constants predicted here by the MSM. Indeed, 

reasonable agreement is seen between the longest timescale from the MSM of these 2Ap-

labeled DNMPs, 17− 21 ns (Table A.2.3), and the experimental value for AA, 29 ± 6 

ns.23 We propose below that TRF measurements of 2Ap-labeled oligomers with their 

higher time resolution offer an experimental observable sensitive to the faster relaxation 

timescales. 
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Next, we discuss the structure of the transition rate matrices in Tables 4.2  and 4.3  

and attempt to explain the observed trends with microscopic models. Several factors, the 

χ5′ and χ3′ angles and SASA, partially explain why transitions for which both the cos(θ) 

and rise change sign are more probable than when only one of these variables changes 

sign (Tables 4.2 and 4.3). First, while there are many degrees of freedom in the nucleic 

acid backbone, Tables 4.1−3 show that consideration of just the χ5′ and χ3′ angles is very 

helpful for disentangling the structural heterogeneity and kinetics. Transitions between 

αα* ↔ βα (the double arrow indicates transitions in either direction) and those between 

αβ* ↔ ββ do not require significant changes in χ5′ or χ3′. Accordingly, the kinetic rates 

for the αα* ↔ βα and αβ* ↔ ββ transitions in Tables 4.2 and 4.3 are large relative to 

other transitions out of αα*/βα or αβ*/ββ. On the other hand, transitions such as αα* ↔ 

ββ and αβ* ↔ βα , which require a large change in the dihedral angles, are relatively 

slow. Furthermore, transitions that require both χ5′ and χ3′ to switch between syn and anti, 

such as αα ↔ ββ and αβ ↔ βα, occur with almost zero frequency. The large asymmetry 

observed in some cases between the forward and backward transition rates (e.g., a factor 

of 5 for αα* ↔ βα) can be explained by the fact that the higher energy conformation is 

closer to the transition state. 

The barriers associated with syn/anti transitions in χ5′  and χ3′ do not fully explain 

the differences in rates when only one of χ5′ or χ3′ changes. For example, both αβ* → αα* 

and αβ* → βα only change χ3′  from anti to syn, yet αβ* → αα* occurs 10 times more 

rapidly (Tables 4.2  and 3). The same holds for the αα* → αβ* and αα* → ββ transitions, 

although the difference is more modest. Instead, the trends can be explained using the 

concept of SASA170 and transition-state solvation shell considerations.171 When the 
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DNMP transitions between conformations requiring a change in sign of both the rise and 

cos(θ) (blue entries in Tables 4.2 and 3), the bases can roll around each other with 

minimal increase in solvent exposure. This is in contrast to transitions in which all four 

nucleobase faces are exposed to the solvent as when only the sign of the rise changes 

(Tables 4.2  and 3, red entries). The same arguments suggest that when only cos(θ) 

changes sign (Tables 4.2 and 3, purple entries), T-shaped structures would be observed, 

which are characterized by an intermediate degree of solvent exposure. Rare T-shaped 

structures were observed in the simulations but had populations of <1% and were 

therefore not classified as a separate state during HMSM construction (Figure A.2.6). 

Other factors being equal, we propose that transitions between states that involve 

the smallest increase in SASA along the reaction coordinate occur at the fastest rates. 

This is supported by an estimation of ensemble-averaged SASA values for the structural 

transitions shown in Figure 4.6, which are observed to occur over a period of 500 ps in 

the 5′-A(2Ap)-3′ DNMP. The 500 ps period was chosen to mimic the lag time used to 

estimate the kinetic rates in Table 4.2. This graph shows that the sheared conformations 

have a SASA value roughly 20 Å2 larger than the stacked structures (compare the SASA 

value of the initial state near 0 ps with the SASA value of the final state near 500 ps). 

Comparing the SASA traces at 250 ps provides an estimate of the SASA of the transition 

state. These traces reveal that on average transitions for which the rise changes sign (red 

curves in Figure 4.6) increase their SASA values by 20 Å2 before folding into the final 

structure. This is in contrast to transitions where both the rise and cos(θ) change sign 

(blue curves in Figure 4.6). For these transitions, SASA increases by less than 10 Å2  en 

route to the final state. The nucleobases thus appear to minimize the exposed 
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hydrophobic surface area along the transition path. The fastest transitions from one type 

of stack to another occur when one base is able to “roll around” the other, reducing the 

number of nucleobase faces that are fully exposed to the solvent and thereby reducing 

desolvation when refolding takes place.   
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Figure 6. SASA values averaged over all 500 ps transition paths for the transitions 

indicated are shown for 5’-A(2Ap)-3’. The labels are ordered from bottom to top by the 

SASA values at 250 ps. The color coding matches Table 4.2 to stress that transitions 

where both cos() and rise change sign (blue) tend to expose less surface area than when 

only the rise changes sign (red). 

 

 

4.4.3 Implications of Structural Heterogeneity and Conformational Dynamics on the TRF 

of 2Ap 

 The multiexponential TRF decays from 2Ap-labeled oligomers are commonly 

attributed to structural heterogeneity and conformational dynamics. While this is likely 

true, it is still unclear how to extract information about either from measured emission 

signals. In the past, structural heterogeneity in 2Ap-labeled oligomers has rarely been 

quantified via an atomistic description like the one provided by MD simulation,19, 22 and, 

to our knowledge, the conformational dynamics of 2Ap-labeled oligomers have never 

been directly quantified. Voltz et al.19 found that fluorescence quenching in 2Ap-labeled 

DNA hairpins on timescales <90 ps correlates with stacking populations derived from 

400 ns MD simulations.19 Furthermore, they inferred that the dynamic quenching 

observed on longer timescales could be due to gating motions that occur with a rate of 
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circa 25 μs−1.19 Indeed, this rate is consistent with the structural isomerization rates 

observed here (Tables 4.2 and 3). However, these authors did not address dynamic 

aspects of quenching such as the stacking rate(s) predicted by their MD simulations. 

 Somsen et al. fit a stretched exponential plus a single exponential to the TRF data 

of 2Ap-labeled dinucleotides, including 5′-(2Ap)A-3′.172 They qualitatively compared the 

diffusive dynamics implied by the stretched exponential173 to fluctuations in the COM 

distance and in θ obtained from short (∼ 30 ns) MD simulations.172. Finally, Jean and 

Krueger estimated energy-transfer efficiencies from 10 ns MD simulations of 2Ap-

labeled trinucleotides.22 They demonstrated that a briefly visited unstacked conformation 

drastically reduces the Coulombic coupling between 2Ap and A that is necessary for 

energy transfer from A to 2Ap relative to stacked conformations. These previous MD 

simulations of 2Ap-labeled oligonucleotides were unable to adequately sample the full 

structural heterogeneity (and dynamics), but this is now a more realistic goal in light of 

current computing power and a motivation behind our study. 

The seven distinct structures shown in Figure 4.4 provide the basis for 

interpreting the TRF experiments. This is accomplished using a master equation (eq 

A.2.1) that has been slightly modified from the dynamical fingerprint model for MSMs153 

by including terms in the rate matrix to account for radiative and nonradiative excited-

state deactivation. Modification of the dynamical fingerprint model153 is necessary 

because the experimental observable in a TRF measurement is proportional to the time-

dependent excited-state population, represented hereafter as 2Ap*. Because the 

proportionality constant relating population to the TRF signal includes the radiative 

decay rate of 2Ap* , the observation vector153 must include the relative radiative decay 
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rate of 2Ap* in each particular conformation. To reduce the number of free parameters, 

the radiative decay rate in each conformation was set equal to the observed decay rate for 

the 2Ap monomer, (1/9.89) ns−1.14 Following the Franck−Condon principle, the initial 

population distribution for 2Ap*  was set equal to the ground-state equilibrium 

distribution (Table 4.1). 

 Underlying our master equation approach are a few assumptions. First, the 

electronic excitation is assumed to be localized on 2Ap, allowing the 2Ap* population to 

be partitioned into the seven DNMP conformations. The localization of excitation is 

justified by the quite different vertical excitation energies of 2Ap (4.0 eV) and A (4.8 

eV), which inhibit delocalized states. Another assumption is that the conformational 

dynamics simulated in the ground-state fully describe the dynamics of electronically 

excited conformers. In this case, the conformational transition rates determined from the 

MD simulations (Tables 4.2 and 3) can be used as the off-diagonal elements in the master 

equation for 2Ap*. This second assumption may not be true on short <100 ps timescales 

as nuclear motion brings the system from the Franck−Condon region to the excited-state 

minima, but is likely true on the slower timescales associated with stacking/ unstacking 

transitions. 

Given a model for emission quenching of 2Ap (i.e., a choice of nonradiative 

decay rate, knr, for each conformation), the time-dependent population of 2Ap* can be 

predicted and compared to experiment. Even assuming that all 2Ap* conformations have 

identical radiative decay rates, there are still a large number of free parameters because of 

the conformation-specific rates of nonradiative decay. Additional simplifying 

assumptions about the remaining parameters were therefore made, leading to the three 
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models, which make the predications summarized in Figure 4.7, and which are now 

introduced. 

The first model (model 1) assumes that excited states of 2Ap deactivate faster 

than conformational transitions can take place (Figure 4.7A). For this purely static model, 

the values of ki,j in eq A.2.1  are set equal to zero to completely suppress conformational 

dynamics. The only information from the MD simulations used in this model is the 

equilibrium population of the seven conformations. Model 1 thus tests the assumption 

frequently made in the literature that the relative amplitudes of the multiple emission 

lifetimes measure the populations of 2Ap* in various conformations.10 Model 1 predicts 

up to three distinct lifetimes, depending on the nonradiative decay rates chosen for the 

stacked, sheared, and extended conformations. 

Calculations of electron-transfer parameters174-175 could be used to guide the 

choice of knr values, but we chose values heuristically based on the following 

considerations. The four stacks are expected to have the highest knr values because of 

enhanced electron transfer mediated by π−π stacking14, 22, 78 or because of reduced solvent 

exposure of 2Ap.81 On the other hand, excited states of extended conformations ought to 

be quenched at significantly lower rates. The sheared conformations are postulated to 

have intermediate quenching rates, reflecting their intermediate solvent exposure, 

base−base distance, and orientation (cos(θ)). Guided by these considerations, it was 

found that knr  values of 2.0, 0.33, and 0 ns−1 for the stacked, sheared, and extended 

conformations, respectively, yielded multiexponential decays similar to experiment 

(compare green and black curves in Figure 4.7D). 
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Model 2 (Figure 4.7 B) assumes that stacked conformations contribute negligibly 

to the emission signals as discussed in ref 14. In this limit, emission arises solely from the 

three unstacked conformations (αα*, αβ*, and Ex), and the 2Ap* population at any 

instant is the sum of these three populations. In ref 14, nonradiative decay was assumed to 

occur via electron transfer, quenching excited states in unstacked conformations at a rate 

that depends exponentially on the interbase separation. In contrast to the static model in 

ref 14, we assume here that electron-transfer rates are zero for each of the unstacked 

conformations. In this case, quenching is purely dynamic, and knr is determined solely by 

the sum of rates with which each unstacked conformation forms stacks because 2Ap*  is 

assumed to instantly quench upon stacking. The three-state master equations for this 

model are obtained from data in Tables 4.2 and 3. The corresponding rate matrices are 

shown in Table A.2.4A,B for 5′-A(2Ap)-3′ and 5′-(2Ap)A-3′, respectively. 

Model 2 predicts (Figure 4.7 B) that emission decays from both samples are 

dominated by a ∼ 4 ns time constant, but this compares poorly with the multiexponential 

decays seen experimentally (also compare the red and black curves in Figure 4.7 D). The 

2 and 4 ns lifetimes likely reflect the time needed for base stacking as they are 

comparable to the net stacking times of 1.7 and 2.1 ns calculated for the two DNMPs as 

the reciprocal of the sum of all of the stacking rates in Tables 4.2 and 3, respectively. 

Model 2 also does not reproduce the ∼ 10 ns lifetime component seen in the experiments 

(Figure 4.7 D). This is because the three unstacked conformations interconvert more 

rapidly (Tables 4.2 and 3), preventing 2Ap* population from remaining in a particular 

unstacked conformation. Better agreement between the dominant ∼ 4 ns lifetime in 
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model 2 and the intermediate 1−3 ns experimental lifetimes could be achieved by 

introducing a nonzero knr for the sheared conformations. 

The final model, model 3, combines static and dynamic quenching characteristics 

from models 1 and 2. In this hybrid model, we assume that transitions to stacked states do 

not instantly quench 2Ap*. Instead, the conformation-specific nonradiative decay rates, 

knr, are set to the same values used in model 1: 2.0 ns−1 for stacks, 0.33 ns−1 for sheared 

conformations, and 0 ns−1 for the extended conformation. In model 3, 2Ap* can emit in 

all seven conformations and all 42 structural interconversion rates predicted by the 

HMSMs are included. The rate matrices for the 2Ap* population are shown in Table 

A.2.5A,B for 5′-A(2Ap)-3′ and 5′-(2Ap)A-3′, respectively. In principle, this model could 

allow 2Ap* that is in a stack to remain electronically excited upon unstacking, although 

this is found to be unimportant because the unstacking rates (see Tables 4.2 and 3) are all 

much lower than the 2.0 ns−1  nonradiative decay rate used for 2Ap* in stacks. Model 3 

predicts seven emission decay time constants (see Table A.2.6), but these were 

consolidated into three values (Figure 4.7 C) using an amplitude-weighted average over 

similar time constants. 

Model 3 correctly captures the multiexponential character of the emission decays 

at times less than 5 ns seen experimentally, but, like model 2, it fails to capture the weak 

monomer-like tail (compare blue and black curves in Figure 4.7 D). The amplitudes in 

model 3 (and model 1) could be altered by changing the radiative decay rates for stacks 

and partially stacked conformations. For example, the overestimate of the amplitude of 

the fastest timescales in Figure 4.7 C could be corrected by reducing the radiative decay 

rate for stacked conformations. 
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Decay components predicted by model 3 do not arise from specific 

conformational states as in model 1. This is seen by comparing the eigenvectors from 

models 1 and 3 (Figure A.2.13). Because the master equation for model 1 is a diagonal 

matrix (not shown), the eigenvectors are the standard basis vectors. Inspection of the 

eigenvectors from model 3 (Figure A.2.13) shows that they are generally not standard 

basis vectors. Of the three groups of timescales in Figure 4.7 C, standard basis vectorlike 

eigenvectors are only seen within the group corresponding to emission from the stacked 

conformations (decay of 2Ap*  in the βα and ββ structures). This is expected because the 

ratio of the sum of transition rates out of these structures to the excited-state deactivation 

rates is smallest. The slowest timescale predicted by model 3 appears to be 2Ap* in a 

quasi-equilibrium distribution of conformations, all of which decay on the 2−3 ns 

timescale. Besides the slowest timescale, the other eigenvectors all include transitions 

between structures, indicating that the amplitudes of these timescales are not due solely to 

the population of 2Ap* in a particular conformation. The conformational dynamics that 

are obtained through MD simulation are thus critical for predicting emission decays by 

model 3. 

In conclusion, some final comments about the suitability of the three models for 

predicting experimental TRF traces from MD simulations processed using 

MSM/HMSMs are warranted. First, only model 1, which neglects the structural transition 

rates estimated by the HMSMs, captures the weak ∼ 5% amplitude monomer-like tail 

seen experimentally. While this could mean that the MD simulations are overestimating 

the transition rates, another possibility is that a small population of the 2Ap monomer 
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exists in the experimental samples because of cleaved dinucleotides as suggested by 

Somsen et al.30 

On the other hand, the purely dynamical description provided by model 2 fails to 

capture the 300−500 ps lifetime component seen experimentally (Figure 4.7 D). On face 

value, this suggests that the MD simulations are actually underestimating base stacking 

rates. However, the use of a 500 ps lag time to construct the MSM/HMSMs makes it 

impossible to identify structural dynamics on shorter timescales. The predicted quenching 

occurring with time constants of between 2 and 4 ns is due to stacking of initially 

unstacked 2Ap*, but capturing faster quenching events will require a more refined 

analysis of the MD simulations or a description of the dynamics that goes beyond the 

Markovian assumption.176-178 Indeed, the FESs in Figure 4.3 show that barriers out of the 

Ex conformation are roughly equal to kBT , suggesting that a subset of trajectories leaving 

Ex may have memory. 
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Figure 4.7. Experimental (black) and predicted (colored) lifetimes and amplitudes (A, B, 

and C) and experimental TRF signals (D) for 5’-A(2Ap)-3’ (left) and 5’-(2Ap)A-3’ 

(right). Shown are three models described in the text: model 1 (green, A), model 2 (red, 

B), and model 3 (blue, C). 

 

 

While the multiexponential emission decays predicted by models 1 and 3 give 

better agreement with experiment, each relies to a degree on the introduction of 

arbitrarily selected values for the nonradiative decay rates of the sheared and stacked 
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conformations. Clearly, independent estimates of these quantities would be helpful; 

however, we point out that there is a strong argument for favoring model 3 over model 1. 

In particular, the MD simulation results clearly do not support the assumption made in 

model 1 that deactivation rates of excited 2Ap are much shorter than conformational 

transition rates. The experimental TRF signals establish that significant numbers of 

excited states decay between 1 and 50 ns, but conformational transitions occur over 

similar timescales according to the HMSM analysis made in this study. Excited-state 

deactivation and conformational transitions thus occur on strongly overlapped timescales 

and emission quenching cannot be modeled without a thorough understanding of the 

multiscale dynamics of base stacking and unstacking.  

 

4.5 Conclusions 

 

 

The possibility that the observed decay heterogeneity in TRF traces of 2Ap-

labeled DNMPs is due to both structural heterogeneity and conformational dynamics was 

explored via HMSM analysis of all-atom MD simulations in explicit solvent. At least 

seven different metastable structures were observed, including structures that have not 

been identified previously in MD simulations of DNMPs. The conformational dynamics 

of transitions between the seven metastable states reveal multiple timescales, which are 

roughly commensurate with ones seen in fluorescence decays from 2Ap-labeled DNMPs. 

Kinetic models of base stacking on the nanosecond timescale require more than just two 

states as there are distinct metastable unstacked structures (Ex, αβ*, αα*) and stacked 

structures (αβ, αα, βα, ββ). Although there are 42 different interconversion rates between 

these states, it was shown that there is an underlying structure to the interconversion rate 
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matrix; transitions where both the rise and cos(θ) change sign occur far more rapidly than 

when only the rise or cos(θ) change sign, and this was rationalized by changes in the 

solvent exposed surface area  upon stacking. Future work is needed to investigate 

whether these findings can be extended to other DNMPs and longer oligonucleotides. 

Three models for 2Ap emission quenching were used to predict emission decays 

from the MD data and to explore static versus dynamic effects on emission quenching. 

Only the purely static model was able to predict the weak (∼ 5% amplitude) monomer-

like component because of the relatively rapid stacking rates of the three unstacked 

conformations. However, the purely static model can be discarded because the MD 

results show that the conformational transitions that are expected to quench excited states 

of 2Ap* take place more rapidly than expected from past experiments. Indeed, the 

timescale for transitions between the seven metastable states strongly overlaps with the 

characteristic timescales of the TRF signals. A model in which nonradiative decay occurs 

solely due to unstacked-to-stacked transitions predicts emission decays with 2−4 ns decay 

times for both 2Ap-containing DNMPs, although limitations in either the MSM/HMSM 

methodology or the current implementation of it prohibit the identification of faster 

stacking events. 

The best agreement with the experiment is currently obtained with a model that 

combines structural heterogeneity in the form of conformer-specific rates of nonradiative 

decay with dynamics that describe transitions among conformational states prior to 

excited-state relaxation. However, because the conformer-specific nonradiative decay 

rates are unknown, more refined quantum mechanical-based estimates are needed in the 

future to reach stronger conclusions about the quenching mechanism. Correctly 



114 

interpreted, the experimental TRF signals can be expected to provide a window on the 

rapid folding and unfolding events in single-stranded RNA and DNA oligonucleotides 

that are a target of atomistic MD simulations.  
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MD simulations; validation of the MSMs and HMSMs, including implied timescales; 

eigenvectors for HMSMs obtained at increasing lag times (0.5, 0.75, and 1.25 ns); 

memberships for increasing number of states (7, 8, 9, and 10); Chapman−Kolmogorov 

test; fuzzy memberships for the final HMSMs; two regions used to construct discrete 

trajectories for the SASA calculation; demonstration of how the parameters in this 

calculation influence the results; FESs for the χ5’ and χ3’ dihedrals in both DNMPs; 

scatterplots to demonstrate how they partition the displacement and cos(θ) space; 

eigenvectors for the two HMSMs used in the main text; signals from the simulated 

temperature-jump experiment; eigenvectors for model 3; description of the master 

equation used for prediction of the 2Ap and 2Ap*  population shown along with a generic 

form for the master equation and a short proof that it satisfies detailed balance; atomic 

charges and assigned atom types for 2Ap; average values for χ5′, χ3′, and the twist helical 

parameter for the seven conformations in each DNMP; six slowest relaxation times and 

amplitudes for the simulated temperature-jump experiment; rate equations for model 2 

and model 3; and all seven timescales predicted by model 3. 
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CHAPTER FIVE 

 

 

TIME-RESOLVED FLUORESSENCE AND MOLECULAR DNYNAMICS 

SIMULATIONS OF 2-AMINOPURINE-LABELED SINGLE-STRANDED DNA 

 

5.1 Introduction 

 

 

The primary focus so far in this dissertation has been on 2Ap-labeled ssDNA 

oligomers containing only two bases. While the simplicity of these systems has allowed 

for a very detailed characterization of the emission quenching mechanism, 2Ap is often 

used to help determine the local stacking dynamics of DNA oligomers that contain more 

than two bases.179-180 As a means to extend the models built so far to these more 

biologically relevant systems, the steady-state absorption/emission and TRF signals along 

with MD simulations of 2Ap-labeled ssDNA dinucleotides, trinucleotides, and 15 base 

oligomers are described in this chapter. Specifically, oligomers of varying length (n = 2-

15 bases) and varying position of the 2Ap label (interior, 5’, or 3’ end) were studied. This 

corresponds to a 2Ap nucleoside, termed d2Ap; two dinucleotides, 5’-(2Ap)A-3’ and 5’-

A(2Ap)-3’; three trinucleotides, 5’-(2Ap)AA-3’, 5’-A(2Ap)A-3’, and 5’-AA(2Ap)-3’; 

and three 15 base oligomers, 5’-(2Ap)A14-3’, 5’-A14(2Ap)-3’, and 5’-A7(2Ap)A7-3’. 

Technically these samples are poly(nucleoside phosphates) because they contain n-1 

phosphate groups (e.g. 5’-(2Ap)A-3’ is a dinucleoside monophosphate), but they will be 

referred to here as polynucleotides. Besides extending the current models, the results 

obtained herein also increase the understanding of the SH and CD of ssDNA, molecules 

which have various biological functions.181-184 
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The steady-state absorption and emission properties of the 2Ap monomer are 

known to be dependent on the solvent and the lowest energy absorption band shifts from 

305 nm in water to 309 nm in methanol.16 A redshift similar in magnitude is observed in 

the emission excitation spectrum when 2Ap is -stacked with neighboring nucleobases in 

DNA.185-186 The dependence of the position of 2Ap in 5’-A5-3’ has revealed that the 

absorbance band is redshifted approximately 5 nm when 2Ap is on the interior position 

relative to the end.45 The same study found the -stacking dependent energy transfer from 

A to 2Ap is much more efficient when 2Ap is on the interior of the ssDNA compared to 

the ends. This finding has been shown to hold true for 2Ap-labeled 5’-A30-3’ as well.46 

TA studies of the stacking heterogeneity in A containing ssDNA oligomers of increasing 

length found the yields of CT states to agree with a nearest neighbor stacking model.28 Su 

et al.28 provide the simple explanation that interior bases which have two neighbors have 

twice the likelihood to form a base stack than the end bases which have only one 

neighbor. Here, it is anticipated that 2Ap on the interior of the strands studied here will 

have a higher stacking propensity, a hypothesis that will be tested by measuring the 

steady-state absorption spectra and by quantifying the amount of stacking from extensive 

MD simulations. 

The signals observed in TRF experiments of 2Ap-labeled 5’-A30-3’,46 exhibit the 

characteristic multi-exponential decays of 2Ap-labeled DNA oligomers.10 While the 

fastest decay timescales (tens to hundreds of ps) observed in TRF of 2Ap are often 

attributed to the population of 2Ap which is stacked, the results by Ramreddy et al. show 

the interior label has a lower amplitude of this component.46 This suggests the picture of 

2Ap quenching being dependent on a static distribution of conformations is insufficient. 
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This has been noted previously in studies of 2Ap-labeled 5’-AAA-3’22 and longer 

oligomers10, 82, which have suggested the CD of the DNA system affects TRF signals. 

However, besides the study presented here in Chapter 4,37 this CD has yet to be 

quantified independently in a specific system.  

To explore the microscopic underpinnings of the CD in these oligomers extensive 

MD simulations were carried out. Similar RNA oligomers have been studied previously 

and it was found that MSMs could describe their CD.142 The experimental observable that 

Pinamonti et al142 could compare to was the single relaxation timescale from a 

temperature jump measurement.25 Given the MD simulations predict more than a single 

timescale, the MSM methodology could use an experimental observable sensitive to more 

of the dynamics, like the TRF of 2Ap, to compare to. Here, simulations of dA2 and dA3 

were conducted and compared to experiment under the assumption that the 2Ap label 

behaves similar to A. The simulations on dA2 reveal the same seven conformational 

states and comparable stacking kinetics as shown in Chapter 4 for the 2Ap-labeled 

dinucleotides.37 Using the seven state MSMs built from the dA2 simulations and nearest-

neighbor stacking rules, a multi-state nearest neighbor stacking model predicts the 

structures 5’-An-3’ can adopt. The utility of this stacking model is scrutinized by 

comparing it to 15.5 s of 5’-AAA-3’. Ultimately the following explores the ability of 

both TRF and MSMs from MD simulations to determine the dynamic properties of 

ssDNA oligomers. 
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5.2 Methods 

 

 

5.2.1 Experimental Details 

Experimental protocols for the steady-state absorption and emission experiments 

are described in sections 2.1.1-2.1.2. The TRF measurements are described in section 

2.1.3. The samples were prepared as described in Section 2.2.2, but the tris buffer 

solution had a pH 6.94 for these oligomers. The steady-state and TRF measurements 

were analyzed by using the methods in section 2.3.  

 

5.2.2 Molecular Dynamics Simulations of Adenine Containing Dinucleotides  

 

Five independent 3 s MD simulations of the 5’-AA-3’ dinucleotide were 

performed using the procedure described in Sections 2.4.1-2. The six HP and the two  

backbone dihedral angles described in section 2.5.1 were calculated and used as a dataset 

for MSM construction. The 15 s data set was clustered using the regular space 

clustering algorithm with a minimum distance of 0.18 and a stride of 200 ps. The implied 

timescales for this dataset is shown in Figure 5.1, and based on the plateau at lag greater 

than 500 ps a reversible MSM was estimated with a lag of 500 ps. The MSM was then 

coarse grained into a seven state HMSM and the resultant metastable memberships used 

to define assign the seven structures to the , , , *, , *, and Ex 

conformations. The static occupation probabilities were taken from the equilibrium 

eigenvector of the reversible seven state HMSM constructed using all five data sets. The 

transition probability matrix containing the probability of transitioning between the seven 

states during a 500 ps time frame was converted to a rate matrix by dividing by 500 ps. 
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Furthermore, the diagonal elements were then set to the negative off-diagonal row sums 

to conserve population.  

 

 
Figure 5.1. The implied timescales for the 5’-AA-3’ oligomer demonstrate that the 

timescales become independent of lag at about 500 ps. The black line is y=x with the 

region below shaded to represent regions where lag is greater than the timescale. 

 

 

5.2.3 Generation of Initial Structures for the Trinucleotide 

 

As described in the results (Section 5.3.3), the seven structures sampled by 5’-AA-3’ 

were used to create a multi-state nearest neighbor stacking model for the structures 

available to A-containing oligomers of arbitrary length. Initial structures predicted by this 

model were generated in the following manner. The five 3 s trajectories of dA2 were 

projected onto the cos() and displacement space described in Chapter 4.37 Structures 

sampled every 100 ps from the dA2 trajectories were then sorted into sets of , , , 

*, , *, and Ex conformations based on the cos() and displacement values falling 

into the regions defined in Figure 5.2 and the two  dihedrals being in the correct syn/anti 

pairs described in Chapter 4. Structures that did not simultaneously satisfy both the 

cos() and displacement and the two  dihedral criteria were not included in the sets. 
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Each structure in the dA2 sets was rotated/translated so that the 3 base axes of the 5’ base 

are always centered at the origin and aligned collinear to the first structure in the set. 

 

 
Figure 5.2. The regions of the cos() and displacement space used to partition the dA2 

into sets of , , , *, , *, and Ex conformations. The Ex conformations 

were saved if they were in either of the regions defined by the black or white circles. 

 

 

To build a particular conformation of 5’-An-3’, say  for 5’-AAA-3’ (see Section 

5.3.3 for definition), the set of  structures was searched for a candidate structure that, 

upon alignment of the 5’ base of the candidate structure to the 3’ base of another structure 

in the   set, had a phosphodiester bond length between 1 and 2.5 Å. Once two 

structures meeting this condition were found, the 3’ H atom of the first structure was 

deleted the structures concatenated and saved. For oligomers longer than 3 bases, the 

process can be repeated for each n-1 nearest neighbor interactions, where only a single 

candidate structure is compared with the 3’ base of the last nearest neighbor interaction. 

These initial structures were then solvated, minimized, and thermalized as described in 

Section 2.4.1-2.   
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5.2.4 Simulation and Analysis Protocol for the Oligomer Simulations 

 

 For 5’-AAA-3’, 31 different 500 ns trajectories were run starting from the distinct 

structures defined by the multi-state nearest neighbor stacking model. The coordinates 

from each of these trajectories were saved every 10 ps and stripped of water and ions for 

analysis. For these systems the HPs for each nearest neighbor interaction and the 

backbone dihedrals were calculated and saved.  

To analyze the four dimensional FES for the cos() and displacement space of the 

5’-AAA-3’ oligomer described in Section 5.3.4, a projection of this FES onto the cos() 

and displacement space of the 5’-end nearest neighbor interaction was calculated. This 

projected FES was then partitioned manually using the methods described in Section 

2.5.2 and the regions in Figure 5.3. 

 

 
Figure 5.3. The regions used to define the different conformations in the 5’-AAA-3’ 

simulations. If a structure did not fall into one of the polygons defined by the colored 

circles it was saved as an Ex structure. 
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Data used to construct MSMs for the trinucleotide included the two sets of three 

distance HPs and the 24 pairs of x and y-components for the backbone dihedral angles, , 

as x = cos() and y = sin(). The dimension of this 54 dimensional dataset was reduced 

using the TICA technique described in Section 2.5.1. The cumulative variance of 5’-

AAA-3’ (Figure 5.4) as a function of lag time demonstrate that reducing the dimension of 

the dataset to 12 still retains 85% of the kinetic variance for the two oligomers 

respectively when a TICA lag-time of 0.5 ns is used. 

 

 
Figure 5.4. The cumulative relative kinetic variance for the TICA data reduction 

technique applied to the 54 dimension 5’-AAA-3’ datasets. 

 

The reduced dimension TICA coordinates were then clustered using k-means with 

2000 cluster centers and the trajectories discretized. The implied timescales for 5’-AAA-

3’ are shown in Figure 5.5. Based on the nice plateau at lag times greater than 1 ns, a lag 

time of 1 ns was chosen for reversible MSM estimation.  
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Figure 5.5. The implied timescales for 5’-AAA-3’ show that the timescales become 

independent of the lag time for MSM estimation at about 1 ns. The black curves are the 

first 40 timescales of the 2000 state MSM while the red curve shows the line y=x. 

 

 

5.3 Results 

 

 

5.3.1 Steady-State and Time-Resolved Emission 

The dinucleotides in aqueous buffer were first characterized with UV-visible 

absorption and steady-state fluorescence spectroscopy. The room temperature absorption 

spectra are shown in Figure 5.6A, while the emission spectra obtained with ex = 310 nm 

are shown in Figure 5.6B. The absorbance spectrum for the d2Ap reference compound 

peaks at 305 nm while its emission peaks at 365 nm. Also, the absorbance spectra for the 

dinucleotides has significant greater absorbance at 260 nm than d2Ap, which corresponds 

to the peak absorbance band for A. Within the experimental uncertainty (which is high 

due to the low sample concentration), the absorbance and emission spectra for 2Ap in the 

dinucleotides are not shifted appreciably. However, the emission quenching of 2Ap in the 

dinucleotides is clear in Figure 5.6B as the dinucleotide spectral maximum are 
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approximately an order of magnitude lower than the absorbance matched d2Ap sample. 

The  for these samples were reported in Chapter 3 for 5′-(2Ap)A-3′and 5′-A(2Ap)-3′as 

0.072 ± 0.009 and 0.061 ± 0.012 respectively. 

 

 
Figure 5.6. The UV-visible absorbance (A) and corrected steady-state fluorescence (B) 

spectra of d2Ap (black), 5’-(2Ap)A-3’ (red), and 5’-A(2Ap)-3’ (blue) demonstrates only 

minor differences between the 2Ap labels absorbance and emission maxima. For the 

emission spectra, ex = 310 nm was used. 

 

 

Just like the dinucleotides, the 15 base oligomers were studied at room 

temperature with UV-visible absorption and steady-state fluorescence spectroscopy in 

aqueous buffer. The absorbance spectra are shown in Figure 5.7A, while the emission 

spectra obtained with ex = 310 nm are shown in Figure 5.7B. Unlike the dinucleotides, 

the lowest energy absorbance band associated with the 2Ap is redshifted in the oligomers. 

This shift is 3 nm for 2Ap-labeled on either end of the strand and up to 7 nm when 2Ap is 

at the interior of the strand. These shifts are comparable to those observed previous in 

2Ap-labeled pentanucleotides where an approximate 5 nm shift is observed when 2Ap is 
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at the 5’ or interior position.45 The emission spectra obtained the two end labels show no 

noticeable shift, but 2Ap at the interior position is blue shifted 2 nm. The modest changes 

to the emission maxima have been reported before as well.187 For these three samples the 

 were found to be 0.087 ± 0.007, 0.094 ± 0.007, and 0.114 ± 0.096 for 5’-(2Ap)A14-3’, 

5’-A14(2Ap)-3’, and 5’-A7(2Ap)A7-3’ respectively. The  suggest the 2Ap on the interior 

is quenched slightly less than the 2Ap on the two ends which are quenched a similar 

magnitude. 

 

 
Figure 5.7. The UV-visible absorbance (A) and corrected steady-state fluorescence (B) 

spectra of d2Ap (black), 5’-(2Ap)A14-3’ (red), 5’-A14(2Ap)-3’ (blue), and 5’-A7(2Ap) A7-

3’ (green) are shown to reveal the significant shifts in the absorbance and quenching of 

the emission spectra. For the emission spectra, ex = 310 nm was used. 

 

 

The TRF of all eight 2Ap-labeled ssDNA oligomers in aqueous buffer at 10 C 

were measured with the TCSPC technique with ex = 310 nm and em = 370 nm. The 

TRF signals from all 8 were found to decay non-monoexponentially upon 310 nm 

excitation (Figure 5.8). Besides the larger signal observed from 5’-(2Ap)A-3’ relative to 
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the longer 5’ labeled oligomers at times greater than 8 ns in Figure 5.8A, the quenching 

generally occurs slower as the length of the oligomer is increased. When 2Ap is on the 5’ 

or 3’ end the slowdown is most significant between the dinucleotides and trinucleotides 

whereas the trinucleotides and 15 base oligomers behave similarly (Figures 5.8A and C). 

However, 2Ap at the central position of 15 base oligomer decays significantly slower 

than the 2Ap at the central position of a trinucleotide (Figure 5.8B). 

 

 
Figure 5.8. The dependence of TRF signals on oligomer length is shown for 2Ap-labeled 

at the 5’ position (A), middle (B), and 3’ position (C) of the dinucleotides (purple), 

trinucleotides (red), and 15 base oligomers (green). Also shown is the IRF (black) scaled 

to match the peak emission.  

 

 

 In addition to the dependence of the timescales for emission quenching of 2Ap on 

the length of the oligomers, the quenching also depends on the position of the label as 

well. This can be seen in Figure 5.8 by comparing the time it takes for a particular 

colored signal to decay by 90% in each panel. For example, to qualitatively see the 

influence of position of the 2Ap in a dinucleotide (already discussed in Chapter 3) the 

purple trace in Figure 5.8A takes a little less than 4 ns to reach 103 while the purple trace 
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in Figure 5.8C takes a little more than 4 ns, so 2Ap at the 3’ label is quenched more 

slowly. The trinucleotides and 15 base oligomers also continue this trend as the same is 

true for the red and green curves in Figure 5.8A and C. Emission from the interior labeled 

position appears to be more complicated as the time it takes to reach 90% is slightly 

faster than the end labels in the trinucleotides but slightly longer in the 15 base oligomers. 

To quantify the dependence of the position of the 2Ap label and the length of the 

oligomer on the emission quenching timescales at 10 C, sums of three or four 

exponential decay components were fit to the data. The results of these fits are shown in 

Table 5.1 with the amplitude weighted mean lifetimes, <>, shown in Table 5.2, and 

calculated with Equation 3.5. The signals from the dinucleotides required four 

exponentials to model but the longer oligomers only required three exponentials. For all 

samples the dominant timescale was the intermediate one which ranged from 720-780 ps 

for the dinucleotides to 1.55-2.95 ns in the 15 base oligomers. Furthermore the shortest 

timescale for the dinucleotides (240-290 ps) was significantly faster than shortest 

timescale for the longer oligomers (410-640 ps). These two trends and the increasing 

mean lifetimes in Table 5.2 are consistent with the observation that the 2Ap is quenched 

more slowly as the oligomer length increases. While the longest timescale for the 

dinucleotides was found to be only 2 ns faster than the d2Ap monomer lifetime of 10.4 ns 

(Table A.1.5), the longest timescale for the longer oligomers was found to be 4 or more 

ns faster. Additionally the amplitude of the longest timescale also increases with 

increasing oligomer length. Finally, the mean lifetimes clearly show the 2Ap on the 5’ 

end is quenched faster than the 2Ap on the 3’ end. 
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Table 5.1. Fit parameters for TRF data at 10 C from the 2Ap-labeled ssDNA oligomers. 

Sample A1 / 

% 
1 / 

ns 

A2 / 

% 
2 / 

ns 

A3 / 

% 
3 / 

ns 

A4 / 

% 
4 / 

ns 

2 

5’-(2Ap)A-3’ 18.5 0.24 52.2 0.72 24.5 2.20 4.8 8.34 1.083 

5’-A(2Ap)-3’ 17.7 0.29 55.7 0.78 19.0 2.74 7.6 8.10 0.989 

5’-(2Ap)AA-3’ 24.4 0.56 62.5 1.90 13.1 4.77   0.935 

5’-A(2Ap)A-3’ 34.9 0.64 53.8 1.55 11.3 6.53   1.031 

5’-AA(2Ap)-3’ 19.0 0.41 64.4 1.82 16.6 6.34   1.094 

5’-(2Ap)A14-3’ 24.4 0.57 62.3 1.98 13.3 5.78   1.056 

5’-A7(2Ap)A7-3’ 9.0 0.58 66.0 2.95 25.0 6.07   1.06 

5’-A14(2Ap)-3 13.5 0.55 67.9 1.70 18.6 6.44   1.136 

 

 

Table 5.2. Amplitude weighted mean lifetimes at 10 C from the 2Ap-labeled ssDNA 

oligomers. 

Sample <> / ns 

5’-(2Ap)A-3’ 1.36 

5’-A(2Ap)-3’ 1.62 

5’-(2Ap)AA-3’ 1.95 

5’-A(2Ap)A-3’ 1.79 

5’-AA(2Ap)-3’ 2.31 

5’-(2Ap)A14-3’ 2.14 

5’-A7(2Ap)A7-3’ 3.52 

5’-A14(2Ap)-3 2.42 

 

 

5.3.2 Molecular Dynamics Simulations of the Adenine Dinucleotide 

 

 A total of 15 s of MD simulations (from five independent three s runs) for 5’-

AA-3’ was performed and analyzed following the methodology used in Chapter 4 for the 

5’-A(2Ap)-3’ and 5’-(2Ap)A-3’ dinucleotides. To determine the SH of this system, the 

FES for the cos() and displacement coordinates was calculated (Figure 5.9). This FES 

shows that the same seven structures sampled by the 2Ap-labeled dinucleotides, , , 

, , *, *, and Ex, are sampled by the A only containing dinucleotide. 
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Figure 5.9. FES for the cos() and displacement coordinates of 5’-AA-3’ obtained via 

MD simulations.  

 

 

 Constructing a MSM from the 5’-AA-3’ trajectories and coarse graining it into 

seven states was again achieved similar to the 2Ap-labeled dinucleotide runs (Chapter 4). 

The equilibrium distribution for the seven conformations are shown in Table 5.3, and are 

in qualitative agreement with visual inspection of Figure 5.9. 

 

Table 5.3. Equilibrium Distribution for the Seven State HMSM of 5’-AA-3’ a 

Structure Probability / % 

 25.7 (0.9) 

 44.4 (0.5) 

 0.49 (0.31) 

 1.4   (1.1) 

* 8      (1) 

* 12.1 (0.8) 

Ex 7.8   (0.8) 
aValues in parentheses are 1σ errors estimated from independent trajectories. 

 

 

To explore the CD of the 5’-AA-3’ dinucleotides, the trajectories were used to 

construct a HMSM using a lag time of 500 ps. The longest timescale for this model was 

18.3 ns (Figure 5.1). The transition rate matrix for this HMSM is shown in Table 5.4. The 
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same trend observed for the 2Ap-labeled dinucleotides (Chapter 4) is apparent in Table 

5.4. Namely, the transitions where the rise and cos(θ) change sign (blue in Table 5.4) 

occur with higher rates than when only the rise changes sign (red in Table 5.4) or only the 

cos(θ) changes sign (purple in Table 5.4). 

 

Table 5.4. Transition Rates (in s-1) for 5’-AA-3’a,b 

       Final 

Initial 
    * * Ex 

 -48.9 

(1.6) 

7.1 

(2.2) 

0.77 

(1.2) 

0 

(0) 

35.2 

(4.5) 

1.3 

(0.6) 

4.6 

(0.6) 

 4.1 

(1.5) 

-90.8 

(6.3) 

0 

(0) 

1.4 

(0.8) 

4.4 

(0.7) 

47.6 

(5.0) 

33.2 

(7.9) 

 40 

(43) 

4 

(21) 

-202 

(52) 

93 

(52) 

64 

(16) 

0.2 

(1.0) 

0 

(0) 

 0 

(0) 

43 

(46) 

32 

(13) 

-174 

(40) 

5.9 

(7.7) 

47 

(19) 

46 

(18) 

* 111 

(31) 

24.1 

(6.5) 

3.9 

(2.1) 

1.0 

(0.6) 

-299 

(47) 

16.9 

(2.3) 

142 

(12) 

* 2.8 

(1.3) 

175 

(11) 

0 

(0) 

5.6 

(6.2) 

11.4 

(1.8) 

-295 

(24) 

100 

(19) 

Ex 15.0 

(2.6) 

190 

(31) 

0 

(0) 

8.6 

(3.6) 

147.9 

(9.6) 

155 

(20) 

-516 

(11) 
aValues in parentheses are 1σ errors estimated from independent trajectories. bWith the 

exception of transitions involving the Ex state, transition rates are color-coded, depending 

on whether rise (red), cos(θ) (purple), or both rise and cos(θ) change sign (blue). 

 

 

5.3.3 Multi-State Nearest Neighbor Stacking Model 

The intrinsic repetition of a polymers chemical composition can be exploited to 

build a model for ssDNA. Here, a multi-state nearest neighbor stacking model is defined 

which can predict the possible structures available to 5’-An-3’. The seven conformations 

available to 5’-AA-3’ form a basis for a particular nearest neighbor interaction for 5’-An-

3’. Starting from the 5’ end, one of the seven conformations for the first two bases can be 

chosen. This choice restricts the possible conformations available for the second nearest 
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neighbor interaction because the second base can only expose the face to the third base. 

For example, if  is the conformation of the first two bases, the -face of the second 

base is already stacking with the first base so only its -face is exposed allowing for , 

*, , *, or Ex interactions between the second and third bases. Conversely, if the 

first two bases are in the  conformation, the second and third bases can only form , 

, or Ex conformations. In this model Ex conformations can always be formed, have 

both  and -faces exposed, and can therefore allow the next base to adopt any of the 

seven conformations. To name a particular conformation, a sequence of the nearest 

neighbor conformations is concatenated. For example, a three base oligomer containing 

two  interactions is . For 5’-AAA-3’ this model predicts 31 possible 

conformations, while for 5’-An-3’ the number of possible conformations computed 

numerically are shown in Figure 5.10. Figure 5.10 shows the number of conformations 

increases exponentially with 10 bases already able to adopt 106 conformations. This 

model was used to predict the relative probabilities of each 5’-AAA-3’ structure using 

statistical mechanics. First the probabilities in Table 5.3 were converted into relative 

energies. Then, assuming the energy of the oligomer is just the sum of nearest neighbor 

interaction energies, the probability of each conformation was determined from the 

Boltzmann factors corresponding to the 31 different structures. 
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Figure 5.10. The number of conformations predicted by the nearest neighbor stacking 

model described in the text as a function of strand length. 

 

 

5.3.4 Molecular Dynamics Simulations of the Adenine Trinucleotide 

 

 

 For the 5’-AAA-3’ oligomer 31 MD simulations were conducted where the initial 

configuration in each run was set to a distinct structure predicted by the multi-state 

nearest neighbor stacking model. These simulations were each run for 500 ns giving a 

total simulation time of 15.5 s. To analyze the SH of this system, two FES for the two 

pairs of cos() and displacement coordinates are shown in Figure 5.11. The first nearest 

neighbor interaction has a FES (Figure 5.11A) that closely resembles the FES for the 5’-

AA-3’ sample (Figure 5.9). However, the second nearest neighbor interaction (Figure 

5.11B) has new two new minima with positive displacement values. The  and  

conformations appear to occur more frequently in the second interaction. The extended 

region is also significantly stabilized in the second interaction.   
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Figure 5.11. The FES for the cos() and displacement coordinates of the 5’-end A and 

interior A in 5’-AAA-3’ (A). The FES for the cos() and displacement coordinates of the 

interior A and 3’-A in 5’-AAA-3’ (B). 

 

 

To explore how different the SH determined from the MD simulations is from the 

predicted SH using the multi-state nearest neighbor stacking model (Section 5.3.3), the 

regions defined in Figure 5.3 were used to partition the four dimensional FES defined by 

the two sets of cos() and displacement pairs. Integrating the probability over the 31 

defined regions gives the relative probability of being in each in of the 31 structures. This 

is compared to the predicted probabilities from the nearest neighbor stacking model in 

Figure 5.12. While the presentation in Figure 5.12 appears to show the nearest neighbor 

model qualitatively tracking the probability for each structure, the correlation is poor 

(Pearson correlation coefficient = 0.247) as the error scales with predicted probability. 
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Figure 5.12. Comparison of the probability of 5’-AAA-3’ adopting the 31 structures 

predicted by nearest neighbor stacking model with actual probabilities determined from 

the MD simulations. Each red dot represents one structure while the black line is the line 

y=x. The Pearson correlation coefficient is 0.247 for this data set. Note the logarithmic 

axes. 

 

 

5.4 Discussion 

 

5.4.1 Implications of Experiments on the Structure and Dynamics of the ssDNA 

Oligomers 

 

 The UV-visible absorption spectra of the d2Ap reference compound (black in 

Figures 5.6A and 5.7A) show the lowest energy absorption band of 2Ap is located at 305 

nm in agreement with literature.16 In the dinucleotides shifts of this absorption band are 

not resolvable within the experimental uncertainty. Much more obvious shifts in the 

spectra are seen when 2Ap is in the 15 base oligomers (Figure 5.7A) indicating 2Ap is 

more -stacked in these systems. However this is in contradiction with the steady-state 

emission measurements if it is assumed that more -stacking means more quenching. 

Both the steady-state emission (Figures 5.6B and 5.7B) and emission quantum yields for 
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the dinucleotides (s = 0.061-0.072) versus the 15 base oligomers (s = 0.087-0.114) 

suggest that 2Ap is more -stacked in the dinucleotides. Furthermore, the fact that an 

interior base has two neighbors suggests it is twice as likely to be stacked as an exterior 

one,28 but the s of 2Ap at the interior of the 15 base oligomer is larger than 2Ap on 

either ends. Instead, the absorbance maxima for 2Ap is a better measure of the degree of 

stacking at the instant of photoexcitation as 2Ap at the interior position of the 15 base 

oligomer is more red-shifted than the two end positions (Figure 5.7A). This is likely 

because absorption only depends on the instantaneous nuclear configuration, while 

florescence quenching can occur at all times following photoexcitation. The higher 

stacking of 2Ap at the interior is consistent with measurements by Davis et al. which 

showed that energy transfer from A to 2Ap is far more efficient when 2Ap is at the 

interior positions of a five base oligomer relative to the ends.45 The observation that s 

does not track well with the stacked population of 2Ap highlights the limitations of the 

steady-state emission signals as they cannot differentiate between quenching due to 2Ap 

-stacked at the instant of photo-excitation and the 2Ap which are initially unstacked but 

form -stacks within 2Ap’s excited state lifetime. 

To explore the dynamic aspects of the emission quenching, TRF signals of the 

2Ap-labeled oligomers were measured. Using the quenching timescales determined from 

the TRF signals as a proxy for the timescales for unstacked 2Ap to form a -stack (an 

approximation that will be more carefully assessed in Section 5.4.3) the observed trends 

suggest -stacking occurs at different rates in different length strands and at the interior 

versus ends. Specifically, this approximation suggests two key results: -stacking occurs 
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with higher rates on the 5’ end of a strand versus the 3’ end, and that -stacking occurs 

with higher rates in shorter oligomers relative to longer ones. The position dependent 

mean lifetimes are consistent with previous reports of 2Ap-labeled 5’-A30-3’.46 The 

observation that multiple discrete exponentials are required to model the data (Table 5.1) 

highlights the -stacking phenomena may occur over multiple timescales due to the 

involvement at least three to four different structures.  

 

5.4.2 Implications of MD Simulation on the Structure and Dynamics of the ssDNA 

Oligomers 

 

An important consideration is that the 5’-AA-3’ simulations described here are 

very similar to the 5’-(2Ap)A-3’ and 5’-A(2Ap)-3’ simulations shown in Chapter 4. The 

same seven structures are sampled in all three systems (Figure 5.9), and the 

conformational dynamics for the three systems is also very similar (Table 5.4). The same 

trend, that structural transitions which minimize the exposure of the hydrophobic 

nucleobase faces occur more rapidly, observed for the 2Ap-labeled dinucleotides is seen 

in 5’-AA-3’ (Table 5.4). These considerations suggest that incorporation of the 2Ap label 

doesn’t drastically alter the ssDNA, supporting its use as a fluorescence probe. 

Furthermore, it justifies the simplification made here that simulations of 5’-AAA-3’ 

suffice for comparison with experiments on the 2Ap-labeled trinucleotides.  

Completely quantifying the SH of oligomers longer than the dinucleotides is a 

significantly more difficult task. This is exemplified by the nearest neighbor stacking 

model that suggests 31 meta-stable structures for 5’-AAA-3’ and billions for 5’-A15-3’. 

To drive this point home, inspection of Figure 5.11B demonstrates that the nearest 

neighbor stacking model is actually underestimating the SH in 5’-AAA-3’, as the 
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extended region with positive displacement includes new sheared structures not included 

in the nearest neighbor stacking model. However, Figure 5.12  shows that roughly half of 

the structures predicted for 5’-AAA-3’ occur with <1% relative probability, and the poor 

correlation in Figure 5.12 indicates that the nearest neighbor stacking model doesn’t get 

the probability of structures in the longer oligomers correct. Regardless, it is questionable 

whether a standard MD simulation could ever converge the full SH of 5’-A15-3’. 

Computing the average rate for interconversions between different structures from Table 

5.4 gives a rate of roughly 40 s-1. This suggests a simulation of 5’-A15-3’ would require 

roughly 25 seconds of simulation time to just visit all conformations once, much less 

sample them statistically. For this reason, only simulations of 5’-AAA-3’ are compared to 

experiment and simulations of 5’-A15-3’ will require advances in simulation 

methodology,188 or additional simplifications like performing non-equilibrium 

simulations on the subset of conformations where the position of 2Ap is initially not 

stacked. 

 

5.4.3 Insights into Fluorescence Quenching of 2Ap Gained from the Molecular Dynamics 

Simulation 

 

The SH implicated by the spectroscopic experiments is now compared to the SH 

quantified by the MD simulations of 5’-AAA-3’. The steady-state absorption and 

emission measurements have conflicting implications on the position dependence of the 

likelihood to be stacked in the 2Ap-labeled 15 base oligomers (see Section 5.4.1 for 

discussion). Using the probabilities for the 31 different structures of 5’-AAA-3’ taken 

from Figure 5.12, the probability of the 5’-A, interior-A, and 3’-A being stacked was 

determined to be 67 %, 79 %, and 42 % respectively. Given the lowest energy absorbance 
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of 2Ap on the interior of the 15 base oligomer is most significantly red-shifted (Figure 

5.7A) these computed stacking likelihoods are in line with the interpretation that the 

location of 2Ap’s lowest energy absorbance peak is correlated with the probability of the 

2Ap probe being -stacked.  

Often, the sum of multiple exponential decay models used to model TRF 

measurements of 2Ap-labeled ssDNA oligomers are interpreted as the existence of 

multiple ssDNA structures.10 This SH is quantified in the MD simulations of 5’-AA-3’ 

and 5’-AAA-3’. Interestingly, the number of components required to fit the TRF signals 

doesn’t agree with the number of structures observed in the simulations, as the 

dinucleotides require four exponential components while the trinucleotides and 15 base 

oligomers require only three (Table 5.1). Frequently, the relative amplitude of the 

shortest decay component in the TRF measurement is taken as the relative probability of 

2Ap being stacked.10 Here, the amplitudes for this component are less than 25% (Table 

5.1) and do not correlate well with the position dependent stacking likelihoods taken from 

the MD simulations (67 %, 79 %, and 42 % for the 5’-A, interior-A, and 3’-A).  

As shown above the SH alone doesn’t fully explain the observed emission decay 

heterogeneity, so the influence of the CD predicted from the MD simulations was 

determined. This was achieved by first calculating a MSM for 5’-AAA-3’ which had a 

longest timescale of 50 ns (Figure 5.5) consistent with the temperature-jump relaxation 

timescale of 45  9 ns for the RNA form of the same molecule.25 Unfortunately, 

constructing a 31 state HMSM to extract transitions rates between the different structures 

in Figure 5.11 was unfeasible. Instead, an analogous model to the second model used in 

Chapter 4 was constructed for 5’-AAA-3’. Recall that the key assumption for model 2 in 
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Chapter 4 was that the emission decay signal arises from 2Ap which are not stacked, and 

the quenching timescales are the timescales at which the various unstacked 

conformations form base stacks. To enforce this assumption on the 5’-AAA-3’ MSM, 

each of the 2000 microstates were classified as having either the first nearest neighbor 

interaction or the second interaction stacked or not based on the COM distance being less 

than 5 Å for at least 90% of the data points in the microstate. The simple 5 Å cut-off can 

distinguish the stacked and unstacked conformations in Figure 5.11. Then for a particular 

location of 2Ap in 5’-AAA-3’, the 2000 state rate matrix was condensed into a matrix 

with size equal to the number of microstates where the A is not stacked with the other 

bases. The diagonal elements for the rate matrix were adjusted to account for the 

monomer-like deactivation of 2Ap and the sum of base stacking rates for each microstate. 

The predicted emission signals, amplitudes, and timescales were computed as described 

in Section 2.3.2.  

The results of the quenching model, which assumes 2Ap is quenched due to the 

dynamic formation of base stacks, are shown in Figure 5.13. This model predicts multi-

exponential emission decays for 2Ap at all three positions in 5’-AAA-3’ (Figure 5.13A). 

The amplitude weighted mean lifetimes predicted by this model for the three positions 

are 3.1, 3.0, and 4.7 ns for the 5’-end, interior, and 3’-end respectively. These are 

generally slower than the experimental values of 1.95, 1.79, and 2.31 ns (Table 5.2) for 

2Ap the same three positions, but capture the experimental position dependence quite 

well. The slower values from MD simulations are likely due to the use of a 1 ns lag-time 

for the MSM construction. This lag-time was required for the timescales in Figure 5.5 to 

converge, but prohibited the identification of conformational dynamics which occur on 
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faster timescales. The trend that the 5’ base is quenched faster than the 3’ base seen in 

experiment (Figure 5.8A and B) is reproduced in the model of stacking kinetics from the 

MD (red and purple curves in Figure 5.13A). This suggests that the faster quenching of 

2Ap on the 5’ end is not due to a static modulation of electron transfer rate, but instead 

due to the faster stacking rate for bases on that end. Furthermore, the longest two 

timescales observed experimentally (1.5 - 6.5 ns) overlap with the multiple longest 

timescales predicted by the model (1.2 - 6.7 ns). The fact that so many timescales have 

positive amplitudes from the simulation (Figure 5.13 B-D) reinforces the idea that base 

stacking is a multi-scale phenomena, which then maps onto the emission decay 

heterogeneity observed from 2Ap-labeled oligomers.  
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Figure 5.13. The predicted signals (A) with lifetimes and amplitudes (B-C) for the 2Ap 

quenching model of 5’-AAA-3’ described in the text are the colored lines. Experimental 

lifetimes and amplitudes are the black lines. Predictions for 2Ap at the interior position 

(green), 5’-end (red), and 3’-end (purple) are shown in panels B,C, and D respectively, 

while all three are shown in panel A. 
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The MSM built from the MD simulations of the trinucleotides further enforce the 

idea that the conformational dynamics occurs on timescales (Figure 5.5) commensurate 

with the observed excited state deactivation of 2Ap in the trinucleotides (Figure 5.1). 

Additionally, the MSM demonstrates that already in trinucleotides there are so many 

structures and associated relaxation times that models of the TRF decays that include rate 

distributions are justified over purely discrete fits. For examples see Figure 5.5 where at 

least 40 timescales are converged at a 1 ns lag time, or Figure 5.13 B-D where 10 or more 

discrete exponential components have positive amplitude. Future work could explore 

how to broaden the discrete nature of the predicted timescale plots shown in Figure 5.13 

B-D to a continuum lifetime distribution comparable to experiment. This is analogous to 

the convolution of the discrete transition energies estimated from QM calculations with 

gaussians to mimic the inhomogeneous broadening of absorption and emission line-

shapes.174 However, comparing predicted and experimentally determined lifetime 

distributions should be treated with caution as qualitatively different lifetime distributions 

produce similar signals in the time-domain. For example in the trinucleotide the predicted 

quenching of 2Ap from the MSM (Figure 5.13 B-D) clearly show at least 10 decay 

timescales with positive amplitudes, yet visually there is no way to tell this from figure 

5.13 A. Finally, because the only contribution provided by this model to the quenching 

observed in the TRF measurements comes from the time dependent formation of stacked 

bases from initially unstacked ones, the agreement of the predicted position dependence 

of 2Ap’s mean lifetime with experiment, and the emission decay heterogeneity with 

experiment (Figure 5.13) strongly support the idea that the TRF experiments of 

2Ap-labeled oligomers are sensitive to the dynamic stacking of initially unstacked 2Ap. 
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Additional work could be done to build models analogous to model 3 in Chapter 4, that 

introduce conformation specific quenching constants for 2Ap in the many different 

conformations obtained by the MSM, but the agreement of the purely dynamic model 

used here suggests this may be unessisary. 

 

5.5 Conclusion 

 

 

Both the SH and CD of adenine containing ssDNA oligomers were explored using 

experiment and simulation. The MD simulations of 5’-AA-3’ are very similar to MD 

simulations of 2Ap-labeled 5’-AA-3’ supporting the idea that 2Ap does not significantly 

alter the SH and CD and therefore is an effective fluorescence probe. While the MD 

simulations predict a large number of structures for 5’-A3-3’ and 5’-A15-3’, the TRF 

emission measurements require only a small number of exponentials to model. However, 

this is likely because the TRF measurement are subject to experimental noise and do not 

contain enough information to fully resolve the microscopic heterogeneity. For these 

ssDNA oligomers with many available conformations, it is suggested that a future 

approach could be to broaden the discrete predicted decay lifetimes into a lifetime 

distribution for comparison with an experimentally determined one.  

Taking a step back and focusing on general trends, the UV-visible absorption 

measurements and MD simulations suggest that bases are more likely to stacked when 

they reside in the interior positions the strand. Simply assuming that the emission of 2Ap 

will be quenched more at the interior positions because of the increased stacking was 

shown to be inconsistent with the steady-state emission experiments of 2Ap-labeled 
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5’-A15-3’. The TRF measurements of 2Ap-labeled 5’-A15-3’ also showed slower 

quenching time scales for 2Ap in the interior corroborating the steady-state emission 

experiments. However, in the trinucleotides the 2Ap at the interior was found to be 

quenched faster than 2Ap on either end which, along with MD simulations showing more 

stacking on the interior, suggest the emission quenching is more complicated than just 

considerations of the static stacking propensity. This finding agrees with the intuition 

provided by a previous report28 that bases on the interior of the strand have two neighbors 

to stack with instead of one. 

To incorporate the dynamic effect of the formation of stacked 2Ap from initially 

unstacked 2Ap, MSMs were built from extensive MD simulations of 5’-AAA-3’. 

Adapting this MSM to a quenching model that assumes the TRF signal arises from only 

the unstacked conformations which are quenched by base stack formation predicts 

multiple emission timescales commensurate with the experimental ones. The multitude of 

predicted quenching timescales for 2Ap in this model are entirely due to the disperse base 

stacking kinetics, while the timescales themselves are slightly faster due to the monomer-

like deactivation of 2Ap. The observation that 2Ap is quenched faster on the 5’ end vs 3’ 

end, seen experimentally for all oligomers, is reproduced by the faster stacking kinetics 

on the 5’ end verses the 3’ end seen in the MD simulations. Furthermore, the apparent 

discrepancy that the interior base in the trinucleotide is quenched faster than the ends, is 

explained by faster stacking kinetics predicted by the MD simulations for this residue. 

These considerations strongly indicate that the ubiquitous heterogeneous time-resolved 

emission quenching measurements of 2Ap in ssDNA oligomers are mostly due to the 

multi-scale kinetics of -stack formation. This is in agreement with previous studies of 
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2Ap-labeled trinucleotides that suggest the formation of highly quenched conformations 

is important, but these studies lacked the microscopic MD simulations used here.78 The 

use of TRF and MD simulations analyzed with MSMs represent a powerful toolset to 

understand the SH and CD of these ssDNA and likely other biopolymers. 
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CHAPTER SIX 

 

 

SUMMARY AND OUTLOOK 

 

 

6.1 Summary 

 

 

The models of 2Ap emission quenching developed herein build upon previous 

understanding of 2Ap emission quenching10-11, 46, 50, 82 while also leveraging insight 

gained from femtosecond pump-probe TA spectroscopy of natural base containing 

oligomers.3, 26-27 Specifically, it was shown in Chapter 3 that the population of stacked 

2Ap at the instant of photoexcitation was not required to model the TRF signals observed 

on timescales greater than 65 ps. This strongly contrasts with the common assumption 

that the relative amplitude of the fastest timescale observed in picosecond TRF 

measurements is proportional to the relative population of stacked 2Ap.11, 78 10 Instead, it 

was argued that both a conformation dependent 2Ap excited state decay rate and a 

continuum of conformations could reproduce the observed non-exponential emission 

decays from 2Ap-labeled dinucleotides. Despite the agreement between this model and 

TRF measurements at a single temperature, it was presumed that there were no 

interconversions between these structures on the timescale of 2Ap emission (<10 ns), 

something not supported by the temperature-dependent TRF measurements which show 

faster decay timescales at higher temperatures.  

In Chapter 4, the assumption that emission quenching of 2Ap occurred via a static 

array of structures was carefully scrutinized by quantifying the SH and CD of the same 

dinucleotide systems using MD simulations. These simulations revealed that instead of 
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the two state structural model assumed in Chapter 3, and commonly used for 

dinucleotides elsewhere,23-24, 140 the dinucleotides sampled at least seven different 

conformations. These seven conformations included two sheared conformations where 

the rate of emission quenching for 2Ap is likely to take on intermediate values between 

the fully stacked and extended conformations. The estimated timescales for transitions 

between the seven structures strongly overlapped with the timescales for emission 

quenching of 2Ap, signifying the purely static model was inappropriate. On the other 

hand, a model which presumed the TRF signals arise entirely from unstacked 2Ap that 

quenched 2Ap emission by forming base stacks, predicted mono-exponentially decaying 

signals for the dinucleotides with 2-4 ns timescales. This further suggested that the CD 

should be included in the model for quenching of 2Ap. Finally, the model that predicted 

multiple <10 ns exponential decays that agreed nicely with experiment included both SH, 

in the form of heuristic conformer-specific quenching rates, and CD, as the structural 

transition rates from MD simulation. An important feature of this later model is that 

because the structural interconversion rates determined from the MD simulation were 

included, the relative amplitudes of specific time constants did not correspond to relative 

populations of 2Ap in specific structures. This is in contrast to prior analysis of 2Ap 

fluorescence decays which presume these amplitudes arise from specific 

conformations.10-11  

In Chapter 5, MD simulations of 5’-AA-3’ were first conducted and found to be 

similar to 2Ap-labeled ones. This reveals that 2Ap does not drastically affect the SH and 

CD of the ssDNA it is utilized to quantify. This is an important result as it justifies the 

use of 2Ap as a non-invasive fluorescence probe. This is in mild contradiction with the 
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finding that base-pair opening dynamics in DNA duplexes are slightly faster when A is 

replaced by 2Ap.189 However, the difference here is probably because there is no base-

pairing involved in the 2Ap-labeled ssDNA, and 2Ap and A stacks are similar to A and A 

stacks.  

Furthermore, longer 2Ap-labeled ssDNA oligomers were studied in Chapter 5 

with simulation and experiments. First, the steady-state UV-visible absorption and 

emission measurements reinforced the finding that a static model of stacked and 

unstacked 2Ap bases does not capture the observed quenching. Instead, CD must be 

included in the models of fluorescence quenching. As suggested for the dinucleotides, the 

TRF experiments of the 2Ap-labeled systems are sensitive to the CD. For the 

trinucleotides the TRF demonstrated that the 2Ap probe is quenched faster on the 5’ end 

versus the 3’ ends of the ssDNA. For 2Ap at a particular position (5’-end, 3’-end, or 

interior) the quenching was found to be slower as the oligomer length was increased. 

These findings suggest the local SH or CD of the ssDNA at the different positions is 

altered, but as shown for the dinucleotides, MD simulations should be conducted to 

independently estimate the CD. 

To ensure MD simulations of the 5’-AAA-3’ were converged, the seven structures 

present in 5’-AA-3’ were used to build a multi-state nearest neighbor stacking model for 

5’-An-3’ of arbitrary length. This model predicted 31 structures for 5’-AAA-3’, and a 500 

ns simulation was run from each. The aggregate of the simulations suggest the nearest 

neighbor stacking model does not predict the probabilities of the longer 5’-AAA-3’ well, 

but all structures predicted by the model were observed to be meta-stable in the 

simulations. This suggests that the billions of structures predicted for 5’-A15-3’ are 
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unlikely to be sampled in tens or hundreds of s of MD simulations, and will require 

more advanced MD simulation techniques. 

The experimental signals from 2Ap-labeled 5’-AAA-3’ were then predicted using 

a model where 2Ap was quenched solely due to the dynamic formation of base stacks. 

These predicted signals included significant decay heterogeneity as they included more 

than ten discrete exponential decays with positive amplitudes. These predicted signals 

independently revealed the position dependent trend that 2Ap is quenched faster on the 5’ 

end relative to the 3’ end. Thus, the combination of MD and TRF revealed a dynamic 

feature of ssDNA that the stacking dynamics is more rapid on the 5’ end relative to the 3’ 

end. In addition, the dynamic model showed that the stacking kinetics were slower in the 

trinucleotide relative to the dinucleotides which only showed 2-4 ns timescales. Both of 

these findings further reinforces the overall theme that using both MD simulations and 

TRF experiments can provide insight into the mechanisms of SH and CD in ssDNA 

oligomers.  

The primary techniques used in this thesis, picosecond TRF and MD simulations, 

have proven to be complementary techniques for elucidating the SH and CD present in 

2Ap-labeled ssDNA oligomers. The TRF measurements of 2Ap were sensitive to the 

ensemble averaged CD of the oligomers on timescales ranging from 65 ps to ~50 ns, 

while MD simulations could probe a single oligomer on 2 ps to 15 s timescales. For 

systems which can sample the SH on 15 s timescales, like di- and trinucleotides, the 

single molecule simulations were found to be in agreement with the bulk experiments. 

This agreement was conditional on the construction of emission quenching models that 

explicitly included the effects of SH and CD. The approach utilized here, to construct 
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quenching models using independent estimates of SH and CD from MSMs built from 

MD simulations and then converting to a master equation for the excited state population 

of 2Ap shows promise to unravel the complexity present in ssDNA and other 

2Ap-labeled nucleic acids. 

 

6.2 Outlook 

 

 

The focus in this thesis was on comparing the SH and CD predicted by MD 

simulations to  the signals obtained from a specific set of experimental techniques and 

2Ap-labeled ssDNA systems. However, both different experimental observables and 

other 2Ap-labeled DNA strands are sensitive to the SH and CD accessible to MD 

simulations. Another possible experiment would be to use TA measurements to 

characterize the time dependent excited state population of 2Ap. TA measurements have 

the advantage of ultrafast (< ps) time resolution and is capable of monitoring the 

population of dark states like the CT states presumed to result from excitation of 2Ap -

stacked with adenine.28 Additionally, perturbative methods which monitor the relaxation 

of the steady emission from 2Ap following the production of a non-equilibrium 

distribution of conformations (e.g. by using a temperature jump apparatus23) are expected 

to provide a window into the CD of the 2Ap-labeled nucleic acids that is independent of 

the 10 ns lifetime of 2Ap.190 However, measurements that assume the time dependence of 

the amount of steady-state emission quenching of 2AP is directly related to the timescales 

for -stacking should be treated with caution as we have argued here the steady-state 

quantum yield is not well correlated with the probability of the 2Ap being stacked. 

Instead, the steady-state quantum yield is more correlated with the timescales at which 
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base stacking occurs. Therefore, measuring the relative steady-state emission of 2Ap 

following a temperature jump would track how the stacking timescales themselves are 

influenced by temperature. Given that the peak wavelength of the lowest energy UV-

visible absorption band (or excitation emission band) of 2Ap correlates with the degree of 

stacking, a temperature jump experiment with uv-visible absorption detection may be 

more suited to determine the position dependent stacking kinetics. Or perhaps the 

relaxation of a steady state fluorescence excitation spectra would provide a sensitive 

handle on the structural relaxation timescales. All the above experiments are amendable 

to the dynamical fingerprint model developed by others153 which we have adapted here to 

excited state models in Chapter 4.  

While it was found that simulation of the equilibrium structural heterogeneity 

present in longer 2Ap-labeled and A-containing ssDNA oligomers may be practically 

unfeasible, there may be pathways to approximate the stacking dynamics relevant to the 

2Ap probe in longer oligomers. For example, it was shown in the trinucleotide that the 

2Ap probe is sensitive to the local conformational dynamics, i.e. the time it takes to form 

stacks with the nearest neighbors of 2Ap in the strand. Therefore, for a longer oligomer 

one could run non-equilibrium simulations where the initial structures are set to structures 

where the 2Ap is initially unstacked, and the simulation run until the 2Ap stacks. The use 

of non-equilibrium simulations to construct models analogous to the equilibrium MSMs 

used here has recently been developed44, 191-192 and would serve as a powerful analysis 

tool for this purpose. Furthermore, computation power from the consumers perspective is 

anticipated to continue growing,193 GPU accelerated standard MD simulations are only 

recently gaining steam,194 and the advanced methods for integrating newtons laws of 
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motion used by using metadynamics188, 195 or coarse-graining196-197 suggests the 

equilibrium dynamics of much larger DNA strands are possible. Therefore MD 

simulations on larger 2Ap-labeled oligomers aimed at quantifying the SH and CD are 

feasible in the future. 
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SUPPLEMENTARY MATERIAL FOR CHAPTER THREE, ON THE ORIGIN OF 

MULTIEXPONENTIAL FLUORESCENCE DECAYS FROM 2-AMINOPURINE 

LABELED DINUCLEOTIDES 
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Figure A.1.1. UV-visible absorption spectra of absorbance matched solutions of 5’-

(2Ap)A-3’, 5’-A(2Ap)-3’, and 2Ap. The main difference between the dinucleotides and 

2Ap is apparent at 260 nm where A strongly absorbs. While the peak of 2Ap near 305 nm 

appears to be a bit higher than for the dinucleotide samples, the slight redshift of the 

absorption by the latter brings the absorbance at 310 nm, vertical line, to equivalent 

values.  

 

 

 
 

Figure A.1.2. The signal from the tris-HCl buffer (bottom) is compared with the signal 

from 5’-(2Ap)A-3’ (top) with λex = 310 nm and λem = 370 nm. The absence of a short 

lifetime component ( < 100 ps) in the buffer-only signal is an indication that scattered 

pump photons contribute negligibly to the final decay signals.  
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Figure A.1.3. The corrected steady-state fluorescence spectra of the three samples 

recorded with λex = 310 nm. The area under each curve was used to estimate the steady-

state quantum yields of the dinucleotides. The ordering on the legend corresponds to the 

relative peak intensity. 
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Figure A.1.4. The weighted residuals (equation 5) for a discrete four exponential model 

vs. the bi-Lorentzian rate distribution model from fits to 5’-(2Ap)A-3’ at 20 °C. The bi-

Lorentzian model was globally fit between the 5’ and 3’-labeled dinucleotides with the μ 

and Δ of the major peak as global parameters. In the bottom panel, the data was fit using 

a four exponential model with two of the lifetimes fixed at 31 ps and 590 ps lifetimes, the 

values reported by O. J. G. Somsen et al. (ChemPhysChem 2005, 6, 1622). The slightly 

non-random residuals in the first few ns indicate that the short 31 ps lifetime may not be 

present in our data; instead we find a shortest decay component of 320 ps. 
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Figure A.1.5. The deconvoluted signal (“Corrected Amplitude”) obtained by evaluating 

Eq. (3) in the main text at t = 0 for fits made with a bi-Lorentzian lifetime distribution. 

Results are shown for 2Ap (top), 5’-(2Ap)A-3’ (middle), and 5’-A(2Ap)-3’ (bottom, 

obscured by the 5’-(2Ap)A-3’) curve), samples are shown in purple, red, and blue, 

respectively. The error bars are the 95% confidence intervals obtained from support plane 

analysis. Values at 370 nm were used to calculate the equilibrium constants using eq. 10 

in the main text. 
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Table A.1.1. Temperature-dependent fitting parameters for the 5’-(2Ap)A-3’ sample are 

shown for the two Lorentzian rate distribution model (eqs. 3 and 4). The μ1 and Δ1 were 

globally fit for the 3’ and 5’ labels due to the similarity in the short time (< 5 ns) kinetics. 

The observed narrowing can be seen in the value of Δ1 at higher temperatures. Fit 

uncertainties were used to round all table values to an appropriate number of significant 

figures, except for the Δ2 and μ2 for which errors via support plane method were not 

found. As can be seen from the χ2 values, the fits are slightly worse at high temperatures, 

indicating the lifetime distribution picture may be inappropriate at higher temperatures. 

T / °C A1  μ1 / ns Δ1 / ns A2  μ2 / ns Δ2 / ns χ2
 

10 13900 0.72 0.77 4600 0.79 23.8 1.28 

15 13900 0.71 0.76 4499 0.74 26.2 1.40 

20 14000 0.70 0.76 4300 0.76 29.0 1.47 

25 14200 0.71 0.72 4200 0.81 30.8 1.62 

30 13800 0.73 0.70 3800 0.73 31.7 1.87 

35 13900 0.74 0.64 4000 0.74 34.3 2.09 

40 13600 0.75 0.61 4000 0.77 37.0 2.21 

45 13100 0.79 0.55 4200 0.73 37.9 2.35 

50 13200 0.78 0.49 4200 0.74 38.8 2.40 

55 12500 0.82 0.44 4100 0.77 37.5 2.41 

60 12200 0.84 0.38 4300 0.74 38.1 2.54 

 

 

Table A.1.2. Temperature-dependent fitting parameters for the 5’-A(2Ap)-3’ sample are 

shown for the two Lorentzian rate distribution model. The μ1 and Δ1 were globally fit for 

the 3’ and 5’ labels due to the similarity in the short time (< 5 ns) kinetics. Fit 

uncertainties were used to round all table values to an appropriate number of significant 

figures, except for the Δ2 and μ2 for which errors via support plane method were not 

found. As can be seen from the χ2 values, the fits becomes slightly worse with increasing 

temperature, indicating that the lifetime distribution picture may be inappropriate at 

higher temperatures. 

T / °C A1  μ1 / ns Δ1 / ns A2  μ2 / ns Δ2 / ns χ2 

10 12600 0.72 0.77 6500 1.17 15.86 1.28 

15 12700 0.71 0.76 6300 1.11 14.74 1.40 

20 12700 0.70 0.76 5800 1.03 15.01 1.47 

25 12900 0.71 0.72 5700 1.00 14.38 1.62 

30 12900 0.73 0.70 5300 0.95 14.41 1.87 

35 12700 0.74 0.64 5100 0.92 13.46 2.09 

40 12500 0.75 0.61 4700 0.92 12.92 2.21 

45 12200 0.79 0.55 4500 0.85 11.90 2.35 

50 12200 0.78 0.49 4500 1.80 11.66 2.40 

55 12000 0.82 0.44 4400 0.77 12.17 2.41 

60 11600 0.84 0.38 4300 0.72 11.22 2.54 
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Table A.1.3. Temperature-dependent fitting parameters for multiexponential fits (Eq. 1 

and 2) to the 5’-(2Ap)A-3’ fluorescence decays. At lower temperatures, four exponential 

components were required, while the higher temperature fits required just three 

components. 

T / °C A1 τ1 / ns A2 τ2 / ns A3 τ3 / ns A4 τ4 / ns χ2 

10 3000 0.26 8500 0.84 3000 2.71 560 9.8 0.9739 

15 2500 0.25 8400 0.76 3410 2.49 510 10.0 0.9945 

20 3700 0.32 7500 0.80 3470 2.40 460 10.4 0.9692 

25 −−−− −−−− 9307 0.56 4830 1.94 520 9.4 1.0189 

30 −−−− −−−− 8700 0.52 5400 1.77 500 9.3 0.9660 

35 −−−− −−−− 8400 0.49 6040 1.62 510 8.9 0.9895 

40 −−−− −−−− 8100 0.47 6380 1.54 480 8.8 0.9919 

45 −−−− −−−− 7400 0.45 7220 1.40 480 8.6 0.9573 

50 −−−− −−−− 6900 0.43 7820 1.32 470 8.4 0.9550 

55 −−−− −−−− 6300 0.43 8100 1.26 440 8.2 0.9625 

60 −−−− −−−− 5700 0.39 9000 1.18 430 7.9 0.9511 

 

 

Table A.1.4. Temperature-dependent fitting parameters for the four exponential model 

applied to the 5’-A(2Ap)-3’ sample. 

T / °C A1 τ1 / ns A2 τ2 / ns A3 τ3 / ns A4 τ4 / ns χ2
red 

10 3500 0.46 7900 0.81 3220 2.85 1130 8.26 1.0340 

15 8300 0.55 3800 1.11 3020 3.18 840 9.1 1.0307 

20 8200 0.51 3800 1.04 3350 2.87 880 8.7 1.0125 

25 8800 0.49 4000 1.22 3180 3.04 690 9.3 1.0081 

30 8900 0.47 3800 1.19 3550 2.77 680 9.2 0.9866 

35 8500 0.45 4000 1.17 3620 2.62 640 9.2 0.9948 

40 8500 0.45 4700 1.33 2940 2.73 540 9.6 1.0028 

45 8200 0.41 4300 1.06 4550 2.21 630 8.8 1.0068 

50 8200 0.40 4900 1.14 4070 2.21 580 8.8 0.9587 

55 7100 0.38 5300 1.02 4600 2.04 570 8.7 1.0308 

60 7900 0.40 4700 1.12 5000 1.86 610 8.1 1.0373 
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Table A.1.5. Temperature-dependent lifetimes from single exponential fits to 

fluorescence decays of the 2Ap monomer (exc = 310 nm, em = 370 nm). The value of 

reduced chi-squared (χ2) for each fit is also shown. 

T / °C τ / ns      χ2 

10 10.43 1.0868 

15 10.27 1.0688 

20 10.12 1.1231 

25 9.89 1.033 

30 9.81 1.0045 

35 9.57 1.0466 

40 9.35 1.0092 

45 9.11 1.0607 

50 8.86 1.0077 

55 8.60 1.0391 

60 8.30 1.0369 
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APPENDIX B 

 

 

SUPPORTING INFORMATION FOR CHAPTER FOUR, MOLECULAR DYNAMICS 

SIMULATIONS OF 2-AMINOPURINE-LABELED DINUCLEOSIDE 

MONOPHOSPHATES REVEAL MULTISCALE  

STACKING KINETICS 
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Figure A.2.1. Atom names for the 2Ap residue used in the simulations. 

 

 

 
Figure A.2.2. Implied timescales for validation of MSM construction on ~2000 

microstates in the 8 dimensional coordinate space. Figures A and B are the 5’-A(Ap)-3’ 

and 5’-(Ap)A-3’ samples, respectively. These figures show the existence of at least 6 

timescales at a 500 ps lag time, and relatively little dependence of the timescales on lag 

time after that. The line y = x is also shown to clearly distinguish time scales which are 

not significant due to having a time constant shorter than the lag time. 
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Figure A.2.3 Comparison of the 7 state HMSMs constructed for the 5’-A(2Ap)-3’ sample 

at increasing lag times, 0.50, 0.75, and 1.25 ns from A to C. The amplitudes of each 

eigenvector for each model are plotted with their associated timescales, which lengthen 

slightly with increasing lag time. Besides irrelevant changes in sign, the eigenvectors are 

remarkably similar with only slight differences in the eigenvectors corresponding to the 

short (< 6 ns) timescales when the longer 0.75 and 1.25 ns lag times are used.  
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Figure A.2.4. HMSM fuzzy memberships for the 5’-A(2Ap)-3’ system with increasing 

number of states from A to D (7, 8, 9, and 10). States beyond the first 7 obtained from the 

coarse graining algorithm partition the unstacked region more finely and a T-shaped 

conformation is identified in the 10 state model. 
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Figure A.2.5. The Chapman-Kolmogorov test for coarse graining the ~2000 state MSM 

into a 7 state HMSM for the 5’-A(2Ap)-3’ system. The curves labeled i→j are the 

conditional probabilities that an initial state i is found in state j at a later time. The blue 

curves are predicted by the HMSM with a 500 ps (250 step) lag time, while the black 

curves are estimated with longer lag times. The similarities between these curves show 

that the 7 HMSM is indeed a good model for the system. 
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Figure A.2.6. The fuzzy memberships for the 7 state HMSMs constructed for 5’-A(Ap)-

3’ (top) and 5’-(Ap)A-3’ (bottom) projected onto the displacement and cos() space, 

showing how many of the ~2000 total microstates are represented by the 7 states in the 

HMSM. There is some ‘leakage’ of the sheared conformations into the extended region, 

and, similarly, a few of the rare T-shaped structures (small distance, small angle) are 

classified as rare stacked states. This is likely due to the 500 ps lag time, and it suggests 

that distinct states that are combined can interconvert on timescales faster than 500 ps.  
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Figure A.2.7. Two different sets of regions (panels A and B) in the displacement cos() 

space for 5’-A(2Ap)-3’ used to define the 7 metastable conformations. The extended 

conformation (Ex) is defined by the remaining regions. 

 

 

 
Figure A.2.8. The SASA averaged over 500 ps transtion paths obtained by requiring that 

the initial/final states defined in Figure A.2.7 panel A were visited for 80% of a 30 ps 

padding time (dashed), 75% of a 25 ps padding time (solid), and 70% of a 70 ps padding 

time (dotted). The same calculation was repeated for the regions defined in Figure S7 

panel B requiring the transitions spent 75% of a 25 ps padding time (mixed dashed). 

These curves show that the choice of parameters and regions does not affect the 

conclusion that →* transitions expose more surface area to the solvent than 

→* transitions. 
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Figure A.2.9. The free energy surface for 1 and 2 computed for 5’-A(Ap)-3’ (A) and 5’-

(Ap)A-3’ (B). The figure shows that positive 1 angles are favored, corresponding to the 

, , *, and * states. Regions of anti (-180, 0) and syn (0, 180) for  are also 

shown in panel A for clarity. 

 

 

 
Figure A.2.10. A scatter plot of the displacement and cos() values from 5000 frames 

taken in 2 ns intervals is shown to demonstrate how 1 and 2 partition the phase space of 

5’-A(Ap)-3’ (A) and 5’-(Ap)A-3’ (B). The colors are coded based on the values of 1 and 

2. In particular, blue, green, red, and magenta are used to identify conformations having 

(1, 2) pairs that are (syn,syn), (syn,anti), (anti,anti), and (anti,syn), respectively. These 

combinations correspond to the four minima in Figure S9. 
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Figure A.2.11. Amplitudes of the eigenvectors of the transition rate matrices for 

5’-A(2Ap)-3’ (top) and 5’-(2Ap)A-3’ (bottom) constructed from HMSMs with lag times 

of 500 ps. Positive values of the components of the eigenvectors are red while negative 

values are blue. The timescales associated with each eigenvector are shown in each 

frame. 

 

 

 

Figure A.2.12. The predicted signals for a simulated 2.5 K temperature jump 

measurement with UV-visible detection as described in the main text. The results for 

5’-A(2Ap)-3’ are shown by the blue/solid curve, while the 5’-(2Ap)A-3’ sample is shown 

by the red/dashed curve. The slowest six amplitudes and lifetimes for these curves are 

shown in Table A.2.3. 
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Figure S13. The amplitudes of the eigenvectors of rate matrices which regulate the 

excited state population of 2Ap* predicted by the hybrid static/dynamic model 3 

described in the main text. Panels A and B show the results for 5’-A(2Ap)-3’ and 5’-

(2Ap)A-3’ respectively. These eigenvectors are ordered the same as the 

timescales/amplitudes in Table A.2.5 for clear comparison.  

 

 

Modifications to the dynamical fingerprint model 

 

 Here master equations are built for time-resolved measurements that are sensitive 

to the ground and/or excited state populations of a system with n distinct conformations 

that interconvert. In the following, it is assumed that quenching is irreversible and the re-

formation of excited states is neglected. A two electronic state system is considered with 

a ground and excited state, where 𝑁𝑖 is the population in the ground state with 

conformation i and 𝑁𝑖
∗ is the population in the excited state with conformation i. The rate 

of decay of an excited state in conformation i to the ground state is given by the sum of 

radiative, 𝑘r,𝑖  and non radiative 𝑘nr,𝑖 rates.  The conformational transition rates from 

conformation i to conformation j are 𝑘𝑖,𝑗 . Then, assuming that transition rates are 

independent of electronic excitation, the master equation controlling the population of 𝑁𝑖 
and 𝑁𝑖

∗ is given by eq. S1, 

 

𝑑

𝑑𝑡

[
 
 
 
 
 
𝑁1
⋮
𝑁𝑛
𝑁1
∗

⋮
𝑁𝑛
∗]
 
 
 
 
 

=

[
 
 
 
 
 
 
−∑ 𝑘1𝑗𝑗≠1 … 𝑘𝑛,1

⋮ ⋱ ⋮
𝑘1,𝑛 … −∑ 𝑘𝑛𝑗𝑗≠𝑛

𝑘dec,1 … 0

⋮ ⋱ ⋮
0 … 𝑘dec,𝑛

0 … 0
⋮ ⋱ ⋮
0 … 0

−𝑘r,1 − 𝑘nr,1 − ∑ 𝑘1𝑗𝑗≠1 … 𝑘𝑛,1
⋮ ⋱ ⋮
𝑘1,𝑛 … −𝑘r,1 − 𝑘nr,1 −∑ 𝑘𝑛𝑗𝑗≠𝑛 ]

 
 
 
 
 
 

[
 
 
 
 
 
𝑁1
⋮
𝑁𝑛
𝑁1
∗

⋮
𝑁𝑛
∗]
 
 
 
 
 

           

(S1) 
 

The proof that equation 1 satisfies detailed balance (𝜋𝑖𝑲𝑖𝑗 = 𝜋𝑗𝑲𝑗𝑖 where 𝜋⃗  is the 

equilibrium vector) is straightforward: First, it is noted that 𝜋⃗  is 0 for excited states and 

non-zero for the ground state entries with the value of the ground state equilibrium, 
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because the ground state is an absorbing state. If i and j are both ground states, then 

detailed balance is satisfied because the ground state master equation is assumed to 

satisfy detailed balance. If i is a ground state and j is an excited state then 𝑲𝑖𝑗 = 0 and 

𝜋𝑗=0 so detailed balance holds. If i is an excited state and j is a ground state then 𝜋𝑖 = 0 

and 𝑲𝑗𝑖 = 0 so detailed balance holds. Finally, if i is an excited state and j is a excited 

state then 𝜋𝑖 = 0 and 𝜋𝑗 = 0 so detailed balance holds. Therefore, Equation 1 satisfies 

detailed balance for all i and j. This equation can be solved via standard eigenvalue 

decomposition techniques. 

 

Table A.2.1 Atomic charges and assigned atom types for 2Ap used in the simulations. 

Atom Name Atom Type Charge / eV 

N9 N* -0.047936 

C8 C2 0.150546 

H8 H5 0.165748 

N7 NB -0.598370 

C5 CB 0.156676 

C6 CA 0.157719 

H6 H4 0.150049 

N1 NC -0.674915 

C2 CQ 0.879792 

N2 N2 -0.930086 

H21 H 0.394869 

H22 H 0.394869 

N3 NC -0.682870 

C4 CB 0.378610 

Methyl Cap ---- 0.105299 

 

 

Table A.2.2. Average values of the 5’ and 3’ dihedral angles along with the twist helical 

parameter for the six regions defined in Figure A.2.7 panel A. Averages for these angular 

quantities were obtained by first averaging their x and y components on the unit circle 

and then using the inverse tangent function taking into account the proper quadrant. 

 5’-A(2Ap)-3’ 5’-(2Ap)A-3’ 

State 5’ 3’ Twist 5’ 3’ Twist 

 56.3 60.4 36.3 56.8 60.5 39.3 

 53.7 -92.8 155 54.4 -93.0 149 

 -91.5 62.5 63.5 -90.7 62.4 61.7 

* 51.6 67.5 79.5 50.0 70.0 81.0 

 -88.2 -102 -44.6 -83.9 -99.9 -35.3 

* 50.2 -76.3 -27.2 51.9 -81.7 -34.3 
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Table A.2.3. The slowest six relaxation times and their relative amplitudes for a 

simulated 2.5 K temperature jump experiment, assuming that the percentage 

hypochromicity of stacked conformations is 10%. The signals from these curves can be 

seen in Figure A.2.12. 

 5’-A(2Ap)-3’ 5’-(2Ap)A-3’ 

Index  / ns A / %  / ns A / % 

1 20.6 14 17.3 2 

2 6.8 11 13.2 1 

3 4.9 0 4.6 6 

4 4.1 62 2.9 88 

5 1.9 13 2.2 -3 

6 1.6 0 1.2 6 

 

Table A.2.4. Rate matrices for the master equations regulating the 2Ap excited state 

population with rates in units of ns-1 for (A) 5’-A(2Ap)-3’ and (B) 5’-(2Ap)A-3’. These 

tables are for the second model where the stacked conformations are assumed to decay 

instantaneously, and the signal is due to the unstacked populations. All diagonal elements 

were altered to account for a 1/9.89 ns-1 monomer-like radiative decay rate. 

 

(A) 

 

Final 

Initial 
* * Ex 

* -0.363 0.015 0.183 

* 0.01 -0.473 0.097 

Ex 0.081 0.066 -0.400 

 

(B) 

  

Final 

Initial 
* * Ex 

* -0.416 0.0336 0.117 

* 0.0207 -0.418 0.096 

Ex 0.119 0.157 -0.608 
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Table A.2.5. Rate matrices for the master equations regulating the 2Ap excited state 

population with rates in units of ns-1 for 5’-A(2Ap)-3’ (A) and 5’-(2Ap)A-3’ (B). The 

tables are for the third model where the stacked and partial stacks are subject to 

nonradiative quenching rates of 1/500 ps-1 and 1/3 ns-1, respectively. All the diagonal 

elements were also altered to account for a 1/9.89 ns-1 monomer-like radiative decay rate. 

  

(A)  

 

Final 

Initial 
   *  * Ex 

  -2.1517 

(0.0069) 

 0.00226 

(0.00078) 

 0.00070 

(0.00050) 

 0.007 

(0.019) 

 0 

(0) 

 0.0026 

(0.0014) 

 0.038 

(0.021) 

  0.0038 

(0.0027) 

 -2.1973 

(0.0065) 

 0.00011 

(0.00067) 

 0.0017 

(0.0029) 

 0.0017 

(0.0011) 

 0.0833 

(0.0086) 

 0.0056 

(0.0026) 

  0.020 

(0.022) 

 0.0018 

(0.0052) 

 -2.293 

(0.086) 

 0.0175 

(0.089) 

 0.032 

(0.037) 

 0.0052 

(0.0080) 

 0.116 

(0.070) 

*  0.051 

(0.077) 

 0.0074 

(0.0069) 

 0.0047 

(0.0051) 

-0.696 

(0.089) 

 0 

(0) 

 0.015 

(0.025) 

 0.1834 

(0.082) 

  0 

(0) 

 0.039 

(0.011) 

 0.044 

(0.031) 

 0 

(0) 

 -2.286 

(0.080) 

 0.094 

(0.048) 

 0.008 

(0.084) 

*  0.0126 

(0.0051) 

 0.240 

(0.048) 

 0.0009 

(0.0016) 

 0.010 

(0.034) 

0.01185 

(0.0040) 

 -0.806 

(0.041) 

 0.097 

(0.036) 

Ex  0.127 

(0.061) 

 0.0110 

(0.0057) 

 0.0136 

(0.0076) 

 0.081 

(0.035) 

 0.001 

(0.054) 

 0.066 

(0.056) 

 -0.401 

(0.051) 

 

(B) 

  

Final 

Initial 
   *  * Ex 

 -2.1613 

(0.0066) 

 0.0076 

(0.0018) 

 0.00105 

(0.00072) 

 0.044 

(0.017) 

 0 

(0) 

 0.00161 

(0.00097) 

 0.006 

(0.023) 

  0.0037 

(0.0014) 

 -2.1899 

(0.0059) 

 0 

(0) 

 0.0030 

(0.0015) 

 0.001 

(0.016) 

 0.0491 

(0.0062) 

 0.032 

(0.014) 

 0.017 

(0.026) 

 0.007 

(0.020) 

-2.201 

(0.038) 

 0.0417 

(0.0032) 

 0.034 

(0.024) 

0 

(0) 

0 

(0) 

*  0.137 

(0.056) 

 0.019 

(0.014) 

 0.00778 

(0.00038) 

 -0.749 

(0.014) 

 0.0006 

(0.0055) 

 0.033 

(0.012) 

 0.117 

(0.066) 

  0 

(0) 

 0.041 

(0.087) 

 0.037 

(0.011) 

 0.004 

(0.011) 

-2.30 

(0.22) 

 0.068 

(0.062) 

 0.056 

(0.088) 

*  0.0031 

(0.0012) 

 0.190 

(0.031) 

 0 

(0) 

 0.0207 

(0.0034) 

 0.007 

(0.048) 

 -0.751 

(0.025) 

 0.096 

(0.035) 

Ex  0.018 

(0.050) 

 0.20 

(0.12) 

 0 

(0) 

 0.119 

(0.024) 

 0.010 

(0.073) 

 0.157 

(0.087) 

 -0.60 

(0.11) 
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Table A.2.6. All seven time constants and amplitudes predicted by model 3. The time 

constants are the negative inverse eigenvalues of the rate matrices in Table A.2.5. 

5’-A(2Ap)-3’ 

Amplitude 

5’-A(2Ap)-3’ 

Time constant / ns 

5’-(2Ap)A-3’ 

Amplitude 

5’-(2Ap)A-3’ 

Time constant / ns 

0.277 2.95 0.419 2.09 

-0.007 1.36 0.010 1.30 

0.084 1.24 0.077 1.19 

0.444 0.46 -0.035 0.43 

0.001 0.43 0.371 0.46 

-0.091 0.44 0.197 0.46 

0.205 0.45 0.370 0.45 
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