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   ABSTRACT 

 

Study of photoinduced electron transfer in fluorescent nucleobase 

analogues (FBAs) and DNA photolyase 

 

               Madhavan Narayanan 

   Doctor of Philosophy 

                                    Temple University, 2011 

 Doctoral Advisory Committee Chair: Robert J. Stanley 

 

Photoinduced electron transfer (PET) plays a crucial role in a wide array of biological 

pathways. These electron transfer reactions happen from or to the excited state of a 

chromophore upon absorption of light. Hence understanding the properties of excited 

states is necessary in elucidating the details of such pathways. The work presented in this 

thesis deals with PET in two systems: Fluorescent Nucleobase Analogues (FBAs) and 

DNA photolyase. The introductory chapter (Chapter 1) presents some background 

information about the two systems and sets up the stage for the reasoning behind the 

problems addressed in this thesis. FBAs are fluorescent analogues of naturally occurring, 

weakly fluorescent native nucleic acid bases. When incorporated into single stranded (ss) 

or double stranded (ds) DNA, the FBA fluorescence is significantly quenched. PET has 

been implicated to be the cause for the observed quenching.  Here we have presented our 

attempt to correlate the quenching behavior of free FBA: nucleic acid monophosphate 

(NMP) pairs with the free energies associated with excited state electron transfer ΔGET. 

Based on the ΔGET values, we have tried to assign the direction of electron transfer. The 
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quenching behavior of the FBA:NMP pairs were studied through Stern-Volmer (SV) 

quenching and time-resolved fluorescence studies. The above described analysis has been 

applied on FBAs: 4-amino–6–methyl–8-(2'-deoxy–β–D-ribofuranosyl)–7(8H)–pteridone 

(6MAP), 4–amino - 2, 6 - dimethyl - 8 - (2’–deoxy-β-d-ribofuranosyl) -7(8H) – pteridone 

(DMAP), 3-methyl-8-(2’-deoxy-β-D-ribofuranosyl) isoxanthopterin (3MI) and 6-Methyl-

8-(2’-deoxy-β-D-ribofuranosyl) isoxanthopterin (6MI) (Chapter 3), 2-Aminopurine 

(2AP) (Chapter 4), 8-Vinyl Adenosine (8VA) (Chapter 5). The final part of this thesis 

(Chapter 6) is on understanding the mechanistic details of a DNA repair process that is 

due to photoinduced electron transfer in DNA photolyase, a flavoprotein. Before the 

electron reaches the damaged site in the DNA, the initial electron acceptor in this repair 

process has been speculated to be the adenine of the flavin adenine dinucleotide (FAD). 

We have tested this hypothesis by measuring and comparing the various kinetic 

parameters associated with this process by reconstituting into apo-photolyase the natural 

cofactor of photolyase (FAD) and an adenine modified flavin (Etheno FAD, εFAD). 
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1 CHAPTER 1: INTRODUCTION 

1.1 General Statement of the problem 

There are several biological processes such as photosynthesis, Circadian rhythms etc. 

that involve Photoinduced electron transfer (PET) reactions. In all of these processes, a 

molecule in the groundstate is excited by the appropriate wavelength of light and it 

arrives at its excited states. Once in its excited state, which is very short lived (~101 ps -

102 ns), electron transfer happens either from the excited state or to the excited state 

to/from a moiety that is either a part of the same molecule or another independent 

molecule. Even though starting and end points in some of these processes are known, the 

details of the processes are not known.  

In any electron transfer process, there exist a donor that gives the electron and an 

acceptor that accepts the electron. The rate constant for such a process (kET) can be 

described using the classic Marcus’s theory of electron transfer1-2. One version of kET 3 is 

given as follows: 
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Where, Vo
2e-βR is the electronic coupling term that accounts for the overlap between the 

donor and acceptor wavefunctions with change in donor-acceptor distance (R). β is the 

coefficient of decay of electronic coupling with R.  
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 term is the activation energy term. It is also called 

Frank-Condon density of states term. ΔG°
ET is the free energy of the electron transfer 

process,  λ is the reorganization energy, kB is the Boltzmann constant and T is the 

temperature.  

The take home message from the Marcus equation is that the rate constant of electron 

transfer (kET) is exponentially dependent on the donor-acceptor distance (R) (Vibronic 

term) and also exponentially dependent on the activation energy of the process (nuclear 

term). Nature has evolved such that all of these appropriate parameters are perfectly 

tuned to meet the needs of each and every system. Rates of reactions will be changed by 

orders of magnitude if these parameters are not at the right levels. In some systems, 

nature has also given enough room for changes so that the process does not totally turn 

off if the parameters are slightly changed4. All of these features make electron transfer an 

intriguing process to study.  This thesis focuses on understanding the mechanistic details 

of PET in two different biological systems.  

One system of interest is the fluorescent nucleobase analogues (FBAs) (See Figure 1-

1). These are structural analogues of natural nucleic acids but are fluorescent. Therefore 

they have been used as reporters of ssDNA and dsDNA structure and dynamics. One 

interesting property of these FBAs is that their fluorescence is significantly quenched 

when incorporated in DNA. In the case of 2-Aminopurine (2AP) an adenine FBA, it has 

been proposed that photoinduced electron transfer is the predominant pathway by which 

the fluorescence is quenched. Assuming that PET is the predominant fluorescence 
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quenching pathway, we have used Stern-Volmer (S-V) fluorescence quenching, cyclic 

voltammetry (CV) and density-functional theory (DFT) to understand the feasibility and 

direction of electron transfer in these FBAs in the presence of native nucleic acid 

monophosphates (NMPs) (See Scheme 1-2).  

The other system of interest is a protein called DNA photolyase (See Figure 1-6), 

which is involved in the repair of cyclobutylpyrimidine dimers (CPD). DNA photolyase 

contains flavin adenine dinucleotide (FAD) as its active cofactor. The FAD consists of a 

7, 8-dimethylisoalloxazine ring, a ribityl chain, two phosphate groups and an adenosine 

moiety (See figure 1-5). During the repair process an electron is transferred from the 

isoalloxazine ring to the CPD which converts it back to normal pyrimidines. It has been 

hypothesized that the electron arrives at adenine of the FAD before it reaches the CPD5-

10. In this work we have made a very small modification to the adenine of the FAD and 

through steady state absorbance and fluorescence spectroscopy tried to understand if 

adenine in the FAD is indeed the initial electron acceptor. 

1.2 Background 

1.2.1 Problem 1: PET in Fluorescent Nucleobase analogs (FBAs) 

 Native nucleobases guanine, adenine, cytosine, thymine and uracil are 

nonfluorescent11. Hence single and double stranded DNAs/RNAs made from these 

natural bases are also non fluorescent. It is essential that in order to understand the 

structure and dynamics of DNA, we have reporter molecules to be included in the DNA 

sequence to obtain local information. There have been various classes of molecules such 

as fluorescent dyes, intercalators (e.g., ethidium bromide), metal-complexes etc., which 
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have been incorporated in DNA strands either through covalent tagging or through non-

covalent interactions. 

 One major draw-back with these molecules is that they are structurally and chemically 

very different from the native nucleobases.  Incorporating them in the DNA strand can 

cause significant perturbation to the native structure and dynamics. Hence molecules are 

needed which are similar in structure to native nucleobases and also be able to act as 

selective probes. FBAs (See Figure 1-1) do fulfill all these requirements by reasonably 

maintaining Watson-Crick (WC) base pairing12,13 (See Scheme 1-1) and being selectively 

excitable at wavelengths higher (> 260 nm) than where the native bases absorb (See 

Table 1-1). They have high fluorescence quantum yields and red shifted emissions which 

make them significantly better probes (than traditional fluorescent dyes and intercalators) 

of DNA structure and dynamics. Their fluorescence quantum yields are sensitive to base 

stacking which makes them unique reporters of DNA structure and dynamics.14-22 

Usefulness of FBAs as probes of DNA structure and function stands out in these really 

interesting experiments by Benkovic et al.23 and Yang et al.15,21.  Benkovic et al. have 

used the FBA 2-Aminopurine at various positions in their forked ds-DNA strand to study 

the rate of unwinding of the ds-DNA by the enzyme DNA helicase. As the helicase 

unwinds, the fluorescence emission was measured in real-time through which the rate of 

helicase activity could be quantified.  Yang et al., through their fluorescence experiments 

proved that 2-aminopurine when present complementarily to a cyclobutylpyrimidine 

dimer (CPD) gets flipped out of the base stack when bound to DNA photolyase (See 

figure 1-7). 
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1.2.1.1 Preferential quenching of FBAs by native nucleic acids 

In ssDNA and dsDNA, it has been found that the fluorescence quantum yield of the 

FBA is sequence dependent14-22. This begs the questions as to whether certain native 

nucleic acids preferentially quench certain FBAs. Fortunately, Stern-Volmer (SV) 

fluorescence quenching experiments with native nucleic acids as quenchers provide a 

way to measure the differences in quenching rate.  

1.2.1.2 Feasibility of PET: 

If one wants to understand the feasibility of such excited state electron transfer, a 

measure of the excited state properties of relevant molecules is necessary. Although, 

excited state properties of molecules such as difference dipole moments and excited state 

dipole moment can be obtained from solvatochromic studies using simple 

UV/VIS/Fluorescence spectroscopy or from Stark spectroscopic studies in conjuction 

with ab-initio calculations, the property of interest here which is the excited state 

oxidation and reduction potential cannot be obtained from such techniques24-25. Cyclic 

voltammetry (CV) in conjunction with absorbance and fluorescence spectroscopy 

provides a unique way to obtain excited state redox properties of molecules. In this thesis, 

results from CV, density functional theory (DFT) calculations and Stern-Volmer (SV) 

fluorescence quenching studies on FBAs in the presence of native nuclei acid 

monophosphates (NMPs) have been used to understand the fluorescence quenching 

mechanisms of FBAs. 
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1.2.2 Problem 2: PET in DNA photolyase 

1.2.3 DNA photolyase: brief history, composition and function 

1.2.3.1 Brief History: 

The phenomenon of photoreactivation, in which UV damage on cells is reversed by 

visible light, was first reported by Kelner et al.,26-27 in the 1950s. A photoreactivating 

enzyme (PRE) was proposed to be responsible for photoreactivation, by Rupert et al., 28-

30, who showed evidence for photoreactivation in vitro. They also were the first research 

group to provide evidence for a Michaelis-Menten31-32 kinetics for this process.  It was 

Minato and Webrin33-34 who coined the name DNA photolyase for PRE in the 1970s and 

also were the first to isolate and identify it as a flavoprotein in yeast in 198035. 

Preparation of E.coli DNA photolyase in high yields was initially made possible by 

Sancar et al., successful cloning and overexpressing the photoreactivating gene (phrB) in 

the MS09 cell system which contains the pMS969 plasmid36-38. All of photolyase that has 

been used in this study was overexpressed from the MS09 cell system with slight 

modifications to a protocol reported by Gindt et al.39.  

1.2.3.2 Composition: 

DNA photolyase (See Figure 1-46) a monomeric flavoprotein35 contains ~400-600 

amino acids40-41 depending on the organism from which it is isolated. DNA photolyase is 

not found in humans42 however, it has been found in bacteria, algae, fungi, plants, and 

vertebrates including goldfish, rattlesnake, and marsupials41,43-44. The closest protein 

analogues found in humans are the flavoprotein, cryptochromes, which have been known 

to control the circadian rhythms44.  
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Based on the amino acid sequence similarity, photolyases are classified into class I 

photolyase and class II photolyases44-46. All the photolyases isolated so far, contain two 

non-covalently bound cofactors. The first cofactor is flavin adenine dinucleotide, 

FAD35,37,47 and is present in all photolyases. However, the second could be  methenyl 

tetrahydrofolate (MTHF)48, 8-hydroxy-7, 8-didemethyl-5-deazariboflavin (8-HDF)49 or 

FAD50 or FMN51 (See Figure 1-5). The class I photolyases are further divided into folate 

and deazaflavin class of photolyases based on the differences in second cofactor. FAD is 

the catalytic cofactor and is essential for photoreactivation whereas the second cofactor is 

not and is present only to act as a light harvesting antenna which transfers energy to the 

FAD52-54. 

1.2.3.3 FAD in DNA photolyase: 

FAD in general is composed of three main parts: 7,8, -dimethyl isoalloxazine, a ribityl 

chain with two phosphates, and an adenosine moiety (See Figure 1-5).  In nature, 

depending on the organism, flavins can exist in various oxidation and charged states. 

However, there are only three relevant forms of flavins in the case of DNA photolyase. 

They are the oxidized form (FAD), one electron reduced semiquinone form (FADH˙) and 

the two electron reduced anionic form (FADH⎯) (See Scheme 1-3). The FADH⎯ form of 

flavin is the catalytically active form flavin in DNA photolyase55. Each of the three forms 

in the protein is identifiable by their own characteristic color, absorbance spectrum and 

fluorescence spectrum. DNA photolyase when overexpressed in E.coli, extracted and 

purified exists in the blue semiquinone form. Figure 1-6 shows the absorption spectra of 

various flavin oxidation states in photolyase. 
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Oxidized photolyase (bright yellow in color) shows two absorption bands above 300 

nm: the S0  S1 band at 450 nm (ε450=11,200 M-1cm-1) and the S0 S2 band at 370 nm. 

The fluorescence emission of oxidized PL is peaked at 520 nm and is quenched by a 

factor of 8 compared to free FAD in solution. The semiquinone photolyase (dark blue 

color in vitro) shows absorption at 384, 490, 580 (ε580= 5,000 M-1cm-1) and 630 nm. The 

fully reduced photolyase (pale yellow) shows a broad absorption feature peaked at 360 

nm (ε360= 5,000 M-1cm-1) with a long decaying tail.  The semiquinone form is non-

fluorescent, whereas the fully reduced photolyase is very weakly fluorescent compared to 

its oxidized counterpart. Photolyase in either the oxidized or semiquinone form can be 

chemically or photochemically reduced to its fully reduced anionic form (FADH¯). The 

FAD in DNA photolyase has a unique U-shaped conformation6,9, the importance of 

which will be discussed later in more detail (See Figure 1-4 and 1-7). 

1.2.3.4 The second cofactor 

The second cofactor in DNA photolyase as mentioned earlier could be MTHF, 8-HDF, 

FAD or FMN (See figure 1-5).  The main function of this cofactor is to harvest light and 

transfer the energy to the catalytic cofactor FAD.  Their absence does not affect the 

binding between the enzyme 53,56-57and the substrate. When both FAD and MTHF are 

present in the protein, MTHF absorbs 90% of the light, due to its higher extinction 

coefficient (ε385= 25,000 M-1cm-1) compared to that of the reduced FAD (ε360= 5,000 M-

1cm-1). The FAD and MTHF have strong overlapping absorption around 370 nm. The 

energy transfer happens via Förster resonance energy transfer (FRET)43-44,58-60.  The 

energy transfer efficiency from MTHF to FAD is thus dependent on the distance between 

them and the relative orientation of their transition dipole moments. If we want to gain 
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understanding of the role of the catalytic FAD, it is essential that the second chromophore 

be removed from the protein to avoid interference. 

1.2.3.5  Structure of E.coli DNA photolyase 

The crystal structure of E.coli photolyase reported by Deisenhoefer and Sancar.6 (See 

Figure 1-4) is composed of two well-defined domains: an N-terminal α/β domain 

(residues 1-131) and a C-terminal α-helical domain (residues 204-471), which are 

connected to one another with a long interdomain loop (residues 132-203) that wraps 

around the α/β domain. Among the various photolyases 30% of the C-terminal α-helical 

domain is conserved. The carboxy terminal residues are involved in binding the FAD and 

substrate, whereas the amino terminal residues are involved in binding the second 

cofactor. 14 amino acid residues hold the FAD tightly in the C-terminal pocket. The 

MTHF is located in the cleft between the two domains and it has been shown that one of 

its key contacts is with a glutamate residue at position 109. Mutation of this Glu 109 to an 

alanine has been shown to block binding of MTHF. MTHF can also be removed from 

wild type (WT) PL either by continued buffer or water wash on the column during the 

purification or by using photodecomposition using visible light61. 

Other than E.coli photolyase, crystal structures have been solved for A.nidulans (algae) 

photolyase with and without a “CPD-like” (formyl acetate back bone) substrate9 (See 

Figure 1-7), and extremophile photolyases like T. thermophilus 62 and S.tokadaii 50.  Both 

the A. nidulans has 8-HDF, and T. thermophilus photolyase has FMN as the second 

cofactor whereas the S. tokadaii has FAD. 
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1.2.3.6 Structure of PL:CPD complex 

The crystal structure of photolyase complexed with CPD was reported by Mees et. al9 

(See Figure 1-7). They crystallized photolyase from A.nidulans (algae) in complex with a 

double stranded 14-mer oligonucleotide with a central CPD. The CPD had a formacetyl 

backbone instead of the regular phosphate backbone. In this structure the CPD was 

clearly recognized by the photolyase and was flipped out of the double helix confirming 

the previous biochemical15,63, computer modeling6-7,64 and NMR65 . It was shown from 

previous studies when CPD forms in a DNA strand, it bends the helix by ~20-30°66-67. 

From the crystal structure it was shown that that DNA helix bends even more (~50°) in 

the presence of photolyase. When the structure of the PL:CPD complex was analyzed it 

was realized that the C5-C5’ and C6-C6’ bond in the CPD had been broken during 

irradiation with the synchrotron radiation  They also found a 9° bend of the N5-N10 axis 

of the flavin which suggested photoreduction of the oxidized flavin to FADH¯. Hence 

this structure resembles a PL:CPD complex where the repair has taken place but the 

thymines have not yet flipped back into the helix. 

1.2.4 DNA damage by UV radiation: 

UV radiation can be classified into three wavelength regimes: UVA (320-400 nm), 

UVB (280-320 nm), and UVC (< 280 nm). Most of the compounds that we know of 

absorb light in one or more of the three wavelength regimes. When molecules absorb UV 

light, they tend to undergo photochemical reactions which end up creating products 

which are different from the starting materials. This can have biological consequences 

when the UV light is absorbed by DNA, RNA or proteins if the photochemical products 

end up blocking biological pathways. Therefore it becomes important that there be 
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mechanisms either to prevent or correct such damage. This work is concerned with 

understanding the mechanism involved in correcting such damage in DNA. 

1.2.4.1  Photoproducts of UV irradiation on DNA: 

Of the several photoproducts (See Scheme 1-4) of UV irradiation on DNA, first major 

photoproduct is the cyclobutylpyrimidine dimer (CPD or pyr<>pyr) (80-90%) and the 

other minor product is the 6-4 photoproduct (10-20%)44. Both the CPD and the 6-4 

photoproduct are formed between two adjacent pyrimidines (cytosine or thymine) on a 

DNA strand or on different strands.  It has been shown that the formation of CPD 

happens at a higher yield with thymines than with cytosines 68-69. When the CPDs are 

formed there are at least 6 possible isomers of which the cis-syn photoproduct is the 

predominant one (Scheme 1-4). 

1.2.4.2 How is a cyclobutylpyrimidine dimer (CPD) formed? 

CPDs are formed due to [2+2] photocycloaddition reaction between two adjacently 

stacked pyrimidines in a DNA stack70. When the monomers absorb light, they end up in 

excited singlet state. Most of these excited molecules revert back to the ground state 

within few ps71. Few of the molecules in the excited state may undergo intersystem 

crossing (ISC) to form triplets. Formation of CPDs can arise from both singlet and triplet 

states and requires a close proximity of an excited pyrimidine to another pyr with the 

right orientation72-74. Some recent work on the kinetics of formation of CPDs has shown 

that the formation of CPD is complete within 1 ps75. The low yield of this process has 

been attributed to infrequent conformational states that lead to photodimerization75. 

Kohler et al have also shown in dsDNA sequences that base stacking appears to be a 

dominant factor in controlling the formation of CPDs compared to the base pairing 
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effects76. In a 2009 report by Schreier et al.77, they have shown evidence that CPD 

formation is predominantly through the singlet channel. The CPDs that are formed are 

very chemically stable and if not removed or reverted back to their corresponding 

pyrimidines could block cellular processes and which could lead to cell death68. 

1.2.5 Function of E.coli DNA photolyase: CPD repair 

There are two different ways for CPD repair: nucleotide excision repair (NER) and 

direct repair. NER removes DNA lesions by dual incisions bracketing the damaged bases. 

The resulting gap is filled in by ligation. The focus of this work is in understanding the 

mechanistic details of direct repair of CPD by E.coli DNA photolyase41,43-44. The 

photolyase binds to the pyr<>pyr substrate in a light independent step and follows a 

Michaelis-Menten mechanism except that the catalysis is initiated by light29,31-32,78-80. 

Once the substrate is bound, the photolyase (with or without the second cofactor) absorbs 

a 350-450 nm photon and the FADH⎯ cofactor in the excited state transfers an electron to 

the pyr<>pyr where the 5-5 and 6-6 bonds on the CPD is split to generate a pyr and pyr •¯ 

The pyr˙¯ donates an electron back to the FADH˙ to convert it back to FADH⎯ 44 (See 

Scheme 1-5). 

1.2.6 Steps in the CPD repair reaction: 

1.2.6.1 Enzyme-Substrate binding: 

Although the active form of flavin in photolyase is the anionic form FADH⎯, 

photolyase when purified exists in all three oxidation states and binds CPD with the about 

the same  affinity81 44 The binding of photolyase to substrate CPD is very specific and 

depends on the backbone structure rather than on the sequence. In a dsDNA, after the 

formation of CPD, there is a bend caused in the structure of the helix by ~30° 66. Perhaps, 
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this structural deformation helps the photolyase in recognizing the substrate for binding. 

It is also known from the crystal structure6,9 that the CPD flips out into the active site of 

the DNA photolyase to gain close proximity to the buried FAD9.  The work from our lab 

also has provided indirect evidence of the CPD flip using 2-Aminopurine reporter base 

which is located complematarily to the CPD21,82.   

It is not clear whether the CPD is flipped out before or after binding. If it were flipped 

out before binding, it could help the photolyase in recognizing substrate. Photolyase 

binds both ssDNA and dsDNA containing CPD with different affinities. The Kassoc is 2.6 

× 108 M-1 for the E. coli photolyase binding to the cis-syn CPD while the Kassoc is 3.5 × 

103 M-1 for the E. coli photolyase binding to dimer-free DNA83. Since the binding affinity 

of short CPDs (dinucleotides) is much lower (104 M-1)84, it appears that both dimer 

interactions in the substrate binding pocket and DNA backbone interactions with 

positively charged amino acids on the binding surface of the enzyme participate in the 

binding of substrate to enzyme6,63,85. From the protein side, Trp277 and Trp384 have 

been shown to be critical for substrate binding with E.coli photolyase63,86-87. 

1.2.6.2 Photoinduced electron transfer (PET) and substrate repair: 

A key step that has to be accomplished before undertaking repair studies in the 

laboratory with a CPD substrate is the photoreduction of the semiquinone (FADH˙) form 

of the flavin to its fully reduced anionic form (FADH⎯).  This reduction happens via 

electron transfer from a series of tryptophans (Trp306  Trp359  Trp382) to the 

photexcited FADH˙(See figure 1-4) in its first excited state88-89. The electron transfer is 

initiated by the Trp306 which abstracts an electron from the solvent and donates it along 

the triad to Trp359 and finally to Trp382 which donates the electron to the FADH˙* 89-90.  
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This process happens whether an external reducing agent is present or not. However, 

FADH¯ rapidly reoxidizes if there is no reducing agent present91. In a recently published 

work from our lab92, we have used Stark spectroscopy along with computational studies 

and have obtained the excited state electronic properties of FAD in its oxidized and 

semiquinone form in photolyase. Using this information we were able to rationalize the 

importance of the position of Trp382 relative to the FAD in this photoreduction process. 

After the substrate is bound to the reduced photolyase in a light independent step, the 

flavin anion (FADH⎯) in the active site requires a blue photon (> 350 nm) in order to get 

to the first excited state. Once in its excited state, the electron transfer to the substrate is 

complete within ~30-300 ps93-96 and results in the conversion of FADH⎯ to FADH˙. Once 

the substrate receives the electron, it has been speculated that the CPD isomerizes with 

the breakage of the 5-5’ and 6-6’ bonds followed by one of the thymines in the radical 

anion state returning the electron to back to the FADH˙ thereby converting the flavin into 

FADH⎯. Then the substrate leaves the protein, which is free to bind to an unrepaired 

CPD. Although the dimer splitting has been studied using model systems, where it is 

believed to be an asynchronous concerted bond breaking, the enzymatic bond cleavage 

may be different from the model system97. The whole repair cycle is complete in ~ 4 ns98 

(See Scheme 1-5). 

1.2.7 Initial electron acceptor in the repair pathway: 

One of the unanswered questions in the CPD repair process is how does the electron 

get from the FADH⎯* to the CPD? Is it direct87,99-100 or indirect5-9? Evidence from the 

crystal structure of DNA photolyase and site-directed mutagenesis studies suggest 

another possible initial electron acceptor is tryptophan 277, an amino acid residue in the 
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active site of the enzyme101-102.  Stuchebrukhov et al.,7-8 have shown using tunneling 

current and ab-initio calculations, the possibility that the electron from the isoalloxazine 

ring has higher probability of going through space to the adenine of the FAD before it 

gets to the CPD. They propose that the unique U-shaped conformation of FAD in 

photolyase could be responsible for adenine playing role in the electron transfer step.   

In a recent paper by Zerbetto et al.5, wave packet evolution analysis was used to 

calculate orbital overlap amongst the various fragments in the photolyase active site. 

Based on their calculations, they agree with the earlier report by Stuchebrukhov et al. 7-8 

about the role of adenine in being the primary acceptor of electron. However, their 

conclusion differs from Stuchebrukhov et al., in that they propose that adenine acts as an 

“electrostatic bouncer” that provides suitable electrostatic environment necessary to 

direct the electron from flavin to the CPD. 

One of the reasons cited by Zhong et al. 96 for why adenine may not be the initial 

electron acceptor is based on the reduction potentials of adenine and thymidine dimer. 

The reduction potential of thymidine dimer (-1.9 V) is higher than the reduction potential 

of adenine (-2.52 V), therefore they conclude that thymidine dimer has the higher 

probability of receiving the electron directly, rather than via adenine. 

In part this thesis aims to answer the question as to whether adenine in the FAD of 

DNA plays a role in electron transfer. The hypothesis for this work has been that if the 

adenine in the FAD acts as an initial electron acceptor, then, if subtle changes are made to 

the adenine, the electron transfer rate constant kET and hence the rate of repair should be 

modulated. This hypothesis has been tested by measuring the repair rate for the 
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photolyase containining flavins with modified adenine. Experiments and results are 

presented explaining how this was accomplished.  
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Figure 1-1: Chemical structures of fluorescent nucleobase analogues (FBAs) used in 

this study. Given also are their abbreviated names, relative fluorescent quantum yields 

(Φf ) and the general classification103-106.    
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Figure 1-3: Fluorescence of 2-Aminopurine containing ssDNA and dsDNA in the 

absence (top) and in the presence (bottom) of DNA photolyase.  The fluorescence of 

2-Aminopurine is enhanced significantly in the damaged duplex in the presence of DNA 

photolyase, providing direct evidence of base flipping of 2-Aminopurine15. 
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Figure 1-5: The Chemical Structures of all known chromophores in DNA 

photolyase: Flavin adenine dinucleotide (FAD), 5, 10-methenyltetrahydrofolate 

(MTHF). In MTHF, n is the number of glutamate and 8-hydroxy-7, 8-didemethyl-5-

deazariboflavin (8-HDF), Flavin Mono nucleotide (FMN) 
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Figure 1-6: Absorption spectra of different oxidation states of E. coli photolyase 

devoid of MTHF. Photolyase contains flavin in either oxidized state (Panel A) or the 

one-electron-reduced (panel B) or two-electron-reduced (panel C) form. All of the above 

photolyase spectra are different in concentrations and devoid of the second chromophore 

MTHF. 
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Table 1-1: Absorption maxima, fluorescence maxima and the relative quantum yield 

(quinine sulfate standard) fluorescence quantum yield (φf) of FBAs 

 

FBAs 

Absorbance 

λmax 

nm 

Emission 

λmax 

nm 

φf 

8VA 290 380 0.60107 

2Ap 305 370 0.60106 

6MAP 329 434 0.38104 

DMAP 334 432 0.48104 

3MI 351 423 0.88108 

6MI 341 432 0.70108 
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Scheme 1-1: Hydrogen-bonding pattern showing Watson-Crick Base Pairing of 

Adenine and Guanine and their fluorescent analogues. 
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Scheme 1-2: Possible pathways for electron transfer, each with its own free energy 

change for electron transfer. 
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Scheme 1-3: Different oxidation states of flavin relevant in photolyase109 
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Scheme 1-4: UV irradiation of adjacent thymines: Formation of thymidine dimers in 

DNA668 
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Scheme 1-5: The reaction mechanism of CPD repair by DNA photolyase.   

The electron transfer from the FADH- to the CPD occurs within ~30-300 ps. The overall 

repair process is completed within ~0.05-2 ns. Adapted from a review article by Aziz 

Sancar 41 
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2 CHAPTER 2: MATERIALS AND METHODS 

This chapter describes all the general experimental procedures, theoretical methods, 

instrumentation and the materials used to understand photo induced electron transfer in 

the FBAs and DNA photolyase. First part of the chapter deals with the methods used in 

study of PET in FBAs and the latter half is on methods relevant to the study of PET in 

DNA photolyase.  

2.1 Materials & methods for FBA studies 

2.1.1 Materials 

The FBAs, 4-amino–6–methyl–8-(2'-deoxy–β–D-ribofuranosyl)–7(8H)–pteridone 

(6MAP),4–amino-2,6–dimethyl-8-(2’–deoxy-β-d-ribofuranosyl)-7(8H)–pteridone 

(DMAP), 3-methyl-8-(2’-deoxy-β-D-ribofuranosyl) isoxanthopterin (3MI) and 6-Methyl-

8-(2’-deoxy-β-D-ribofuranosyl) isoxanthopterin (6MI) (See Figure 1) were obtained as 

described in references 101 and 107. 8-Vinyl adenosine was synthesized according to a 

protocol by Ben-Gaied et al.107,110-111.  Guanosine monophosphate (rGMP), adenosine 

monophosphate (rAMP), cytidine monophosphate (rCMP), deoxythymidine 

monophosphate (dTMP) and 2-Aminopurine (2AP, free base form) were purchased from 

Sigma Aldrich and used as received for fluorescence quenching experiments.18 MΩ cm-1 

distilled/deionized water was used to make all aqueous solutions. 2’-deoxyribose 2-

aminopurine (d2AP) from Berry & Associates was used as obtained in the cyclic 

voltammetry (CV) experiments. ACS grade formic acid (88.5%, Fisher Scientific), HPLC 

grade water and acetonitrile (ACN) were used in the HPLC purification of FBAs. tert-
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butyl ammonium hexafluorophosphate was obtained from Fluka and used as obtained in 

the CV experiments. 

2.1.2 Methods 

2.1.2.1 Purification of FBAs 

All of the above FBAs (except 2AP) were purified using reverse phase HPLC (Rainin) 

on a YMC-AQ C-18 column using an acetonitrile (ACN)/water gradient (10-15% ACN 

over 20 min). Once a 15% ACN gradient was reached, it was held constant for another 15 

minutes in order to ensure that all of the material was eluted. HPLC grade ACN from 

ACROS and HPLC grade water from Fisher Scientific were used for this purpose. Formic 

acid (Fisher) was added to both ACN and water to a final concentration of 0.1%. Formic 

acid is used as a coating agent for preventing amino groups from reacting with silanol 

groups.  This prevents the material of interest from getting trapped in the column. That 

each FBA showed a characteristic absorption and fluorescence maximum (See Table 1-1) 

was monitored during the elution from the column. The absorbance and fluorescence 

were measured using a Dynamax UVA detector and HP 1045 fluorescence detector 

respectively. The purified FBA peak (major peak) showed up usually at ~20 minutes. 

Other minor fluorescent impurities eluted off at a much earlier time. Their absorption 

spectra were very similar. implying  that the minor fluorescent peaks could be the 

chromophore which cleaved from the sugar moieties. The purified FBAs in ACN/water 

was dried using a Savant Speed Vac® SC110 vacuum system. The dried powder was 

dissolved in appropriate solvents for further experiments.  
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2.1.2.2 UV-Vis absorption and Fluorescence measurements 

The concentrations of the samples for fluorescence experiments were determined in 0.1 

M potassium phosphate buffer pH=7.0 by UV/vis absorption spectroscopy using a 

HP8452A diode array spectrophotometer. The following extinction coefficients were 

used: GMP (ε260 =12,080 M-1cm-1)112, AMP (ε260 =15,020 M-1cm-1)112, CMP (ε260 =7,070 

M-1cm-1)112, dTMP (ε260=8,560 M-1cm-1)112, 6MAP (ε329=8,500 M-1cm-1) 104, DMAP 

(ε334=8,912 M-1 cm-1) 104, 3MI (ε351=13,000 M-1cm-1) 113, 6MI (ε341=14,125 M-1cm-1) 114 , 

2AP (ε317 = 6000 M-1cm-1)115 and 8VA (ε290 = 12,600 M-1cm-1)107.  

2.1.2.3 Steady state Stern-Volmer (SV) fluorescence quenching experiments 

The steady-state fluorescence of the FBA:NMP pairs were measured using a Horiba 

Jobin Yvon Fluoromax-2 fluorimeter at 20˚C, with a fixed concentration of FBAs (10 

μM of 2AP and 1μM of all other FBAs) while varying the NMP concentrations from 0.0-

50.0 mM. A septum-sealable thermostatted quartz cuvette was used. The cuvette had four 

optical windows and internal dimensions of 0.4x1.0 cm. All samples were purged with Ar 

gas bubbled through a water trap for 30 minutes to remove oxygen. The water trap was 

used to avoid evaporation when degassing. The cuvette was equilibrated at 20°C for 15 

minutes before each measurement. Excitation was performed through the 1.0 cm path and 

emission was collected at 90°. The excitation and emission slits used depended on the 

FBA used. Scans were taken with a 2 nm step size using an integration time of 0.1 

seconds/point. The integrated fluorescence from an average of 5 consecutive scans was 

used for the Stern-Volmer (SV) analyses. The emission wavelength range encompassed a 

minimum of 300 nm. Plots of I0/I vs. [NMP] were fitted using Origin 7.0 (OriginLab) to 
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obtain the KS, Kd, and B. The r2 (r- refers to correlation coefficient) values obtained from 

these fits were at least 0.99. 

2.1.2.4 Time resolved fluorescence measurements 

Time-resolved fluorescence decays were collected on a PTI Q25 Quantamaster using 

either a 310 nm or a 340 nm LED source with a repetition rate of 1 kHz. The time base 

was stepped logarithmically over a span of ~160 nanoseconds in 200 channels. The band 

pass was fixed at 25 nm for all FBAs. The instrument response function (IRF) was 

collected using the same cuvette by replacing the sample solution with a silica colloid and 

detecting the scattered LED light at a wavelength ~ 20 nm from the wavelength of 

excitation. The decay data were fitted using the raw IRF based on a convolute-and-

compare algorithm implemented in the instrument software116-117. 

2.1.2.5 Cyclic Voltammetry (CV) of FBAs 

CV measurements were performed at 20˚C on 1.0 mM solutions of FBAs using a 

CH610C electrochemical analyzer (CH Instruments, Inc., Texas). The redox potentials 

were measured in three electrolyte systems: 0.1 M tert-butyl ammonium 

hexafluorophosphate (TBAF, Fluka) dissolved in dry distilled ACN or dry distilled N,N-

dimethylformamide (DMF) or dry dichloromethane (DCM). These three electrolyte 

systems were used to cover two different voltage ranges: 0.1 M TBAF/ACN was useful 

from -2.17 V to +1.83 V vs. NHE,  0.1 M TBAF/DMF was useful from -2.71 V to +1.37 

V vs. NHE and 0.1 M TBAF/DCM was useful from -2.05 V to +2.42 V vs. NHE.. TBAF 

was dried at 50˚C for 10-12 hours to remove any residual water. A small homemade glass 

sample cell with a tapered bottom was used to accommodate sample volumes of 300-

1000 μL and the three electrodes. The electrochemical cell was cleaned thoroughly with a 
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standard cleaning mixture 1 (SC-1). SC-1 contains a mixture of H2O/NH4OH/H2O2 in a 

5:1:1 ratio. The electrochemical cell was dipped in SC-1 and the mixture was boiled to 80 

°C. Following this the cell was cleaned with DI water 4-5 times and dried off with 

pressurized air. For more complete drying the electrochemical cell was left in an oven at 

100°C overnight. The electrode set-up consisted of a glassy carbon-working electrode, a 

Pt wire counter electrode and an Ag wire dipped in 10 mM AgNO3 in ACN, which 

served as the non-aqueous reference electrode. All the samples were purged for 5 minutes 

with Ar before the scan. A gentle stream of Ar above the cell was used to maintain the 

solutions in an anoxic/anhydrous state during the acquisition of all scans. To calibrate the 

system, the average of the cathodic and anodic peak voltages , 2
1
pE  of 1.0 mM ferrocene 

in the respective electrolytes was used as a reference for voltages measured against the 

non-aqueous Ag+/Ag reference electrode to the NHE118. The 2
1
pE of 1.0 mM ferrocene 

was 80 ± 8 mV in ACN/0.1M TBAF, 83 ± 11 mV in DMF/0.1M TBAF and 217± 0.0 mV 

in DCM/0.1M TBAF against non-aqueous Ag+/Ag electrode. The shift to the NHE was 

calculated based on the 2
1
pE  reported in the literature for ferrocene against NHE by 

Addison et al.119. 

2.1.3 Theoretical basis for the methods used in the study of FBAs 

2.1.3.1 Stern-Volmer (SV) fluorescence quenching of FBAs 

Stern-Volmer (S-V) quenching experiments 120 provide a way to obtain the 

fluorescence quenching rate constant (kq) between a fluorophore:quencher pair (See page 

32).  In the SV quenching experiments reported in the thesis, FBAs are the fluorophores 

and the native nucleic acid monophosphates (NMPs) are the quenchers. The 
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monophosphates are used instead of the free bases because of solubility reasons. It is 

important to know the kq, in order to understand the mechanism of fluorescence 

quenching in the FBA:NMP complexes. 

If the radiative lifetime of the fluorophore, τ0, is known, then the ratio of unquenched to 

quenched fluorescence, I0/I  obtained as a function of quencher concentration [Q] can be 

used to estimate the quenching rate constant, kq using the Stern-Volmer (SV) equation as 

shown in equation (2.1).  

 ][1 0
0 Qk
I
I

qτ+=  (2.1)

The observed quenching can have contributions from either ground state complexation 

of the fluorophore with the quencher, leading to decrease in fluorescence (static 

quenching) or from collisions of a quencher with a fluorophore in the excited state 

(collisional or dynamic quenching). Both these contributions can be accounted through 

the modified SV equation (2.2) given below. 

 
20 ][])[( QKKQKkB

I
I

dsds +++=  (2.2)

In this case the equilibrium constant for the formation of ground state complexes 

(which are quenched), KS, and the constant for dynamic quenching, Kd, are separated (the 

intercept, B, is typically unity but can be varied as described below to obtain a better fit).  

If the fluorophore-quencher system has no static quenching contribution, Ks will be 

zero and equation 2.2 will be same as equation 2.1. kq in this case can be obtained from 

the slope of a plot of I0/I vs [Q] from steady-state fluorescence quenching experiment. 
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However, if the fluorophore-quencher system has quenching contributions from static 

complexation, then kq cannot be obtained directly just from steady-state fluorescence 

experiments.  

Even if the I0/I data from the steady state fluorescence experiment is plotted against [Q] 

and fitted to the modified SV equation, the values of Ks and Kd obtained as solutions to 

the fit are not sufficiently constrained by the experimental parameters. Thus this scenario 

requires a different method to obtain the static and dynamic contributions to quenching.  

Fortunately, time-resolved fluorescence experiments provide us a way to do this. τ0 /τ  

can be measured as a function of quencher concentration [Q] to obtain dynamic 

contribution to quenching rate constant, Kd=kqτo using the lifetime version of Stern-

Volmer (SV) equation as shown in equation (2.3). τ0 and τ are the lifetimes of the 

fluorophore in the absence and presence of quencher respectively.  

 0 1 [ ]dK Qτ
τ

= +  (2.3)

Once Kd is obtained from the slope of equation 2.3, it can be used in equation 2.2 to 

obtain Ks.  

2.1.3.2 Relationship between kq and kET 

If quenching is due to electron transfer, then the kq can be related to kET, the rate 

constant for (photoinduced) electron transfer. This relationship was originally derived by 

Marcus in 1956 2. The derivation is as follows: 

For an excited state donor interacting with an acceptor in a diffusion limited reaction, 

the scheme is as follows. 
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* *d ET rec

d ET

k k k
k k

D A D A D A D A
− −

•+ •−⎡ ⎤ ⎡ ⎤+ ⎯⎯→ +⎣ ⎦ ⎣ ⎦  

Where kd and k-d are the rate constant for the diffusion controlled formation and the 

dissociation of the encounter complex (EC). kET is the electron transfer rate constant and 

krec is the rate constant for charge recombination.  The overall observed rate for the 

reaction can be written as  

 ]*][[ ADkRate q=  (2.4)

 

 ][ −•+•= ADkRate rec . (2.5)

Where, kq is the overall quenching constant. Since both rates are equal, we can write, 

 ][]*][[ −•+•= ADkADk recq  (2.6)

The change in concentration with time of the intermediates [D*…A] and [D•+A•-] when 

written using the steady-state approximation is given as follows: 

 
[ * ] 0 [ *][ ] ( )[ * ] [ ]d d ET ET

d D A k D A k k D A k D A
dt

•+ •−
− −= = − + +  (2.7)

 

 [ ] 0 [ * ] ( )[ ]ET ET rec
d D A k D A k k D A

dt

•+ •−
•+ •−

−= = − +  (2.8)

Thus equation 2.8 gives us  

 ( )[ ][ * ] ET rec

ET

k k D AD A
k

•+ •−
− +

=  (2.9)
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Substituting equation 2.9 in 2.7 gives, 

 ( )[ *][ ] ( ) [ ] [ ]ET rec
d d ET ET

ET

k kk D A k k D A k D A
k

•+ •− •+ •−−
− −

+
= + −  (2.10)

Equation 2.10 on further simplification gives,  

 [ *][ ] ( )[ ]d ET d ET d rec rec ETk k D A k k k k k k D A•+ •−
− − −= + +  (2.11)

 

 [ *][ ][ ]
( )

d ET

d ET d rec rec ET

k k D AD A
k k k k k k

•+ •−

− − −

=
+ +

 (2.12)

Substituting equation 2.12 in 2.6 gives us, 

 [ *][ ][ *][ ]
( )

d ET rec
q

d ET d rec rec ET

k k k D Ak D A
k k k k k k− − −

=
+ +

 (2.13)

Therefore,  

 

 ( )
d ET rec

q
d ET d rec rec ET

k k kk
k k k k k k− − −

=
+ +

 (2.14)

On dividing the numerator and denominator by kETkrec of equation 2.14, we get 

 

( 1)

d
q

d ET d rec

ET rec ET rec

kk k k k k
k k k k

− − −

=
+ +

 
(2.15)

This on further simplification gives, 

 

1 (1 )

d
q

d ET

ET rec

kk
k k
k k

− −

=
⎡ ⎤

+ +⎢ ⎥
⎣ ⎦

 
(2.16)
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  When krec is much greater than k-ET and if we plug in KEC= kd/k-d equation 2.16 

simplifies to 2.17  

 

1

d
q

d

EC ET

kk
k

K k

=
⎡ ⎤

+⎢ ⎥
⎣ ⎦

 
(2.17)

Equation 2.17 is the final expression relating the fluorescence quenching constant kq to 

the electron transfer rate constant, kET. One could replace kET with the Marcus expression 

for the electron transfer rate constant and obtain an expression that relates kq to the free 

energies of electron transfer (ΔG°
ET) and reorganization energy(λ)121. In equation 2.18 νN 

is the frequency factor for a bimolecular reaction in solution. 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +Δ
+

=

°

Tk
GK

k
kk

B

ET
NEC

d

d
q

λ
λν

4
)(exp

1
2

 
(2.18)

2.1.3.3 How is ΔG°ET obtained? 

The fluorescence quenching of FBAs by the nucleic acid monophosphate through 

electron transfer can happen through two possible scenarios (See Figure 2-5). FBA* can 

reduce the ground state nucleic acid monophosphate, (nucleobase reduction or NBR) or it 

can be reduced by the nucleic acid monophosphate, (nucleobase oxidation or NBO). 

Which of these two processes happens depends on the free energy change. The free 

energy change for the electron transfer step ( ο
ETGΔ , ET = NBO or NBR) for both NBO 

and NBR can be calculated using the classic Rehm-Weller equations 122: 



40 
 

 

 

 

Nucleobase oxidation (NBO): 

 
                        )(* εGEEG FBA

RED
NB

OXNBO Δ+−=Δ °°°  (2.20)

Nucleobase reduction (NBR): 

 )(* εGEEG NB
RED

FBA
OXNBR Δ+−=Δ °°°  (2.21)

where *FBA
OXE °  and *FBA

REDE °  are the excited-state oxidation and reduction potentials of the 

FBA respectively, NB
REDE °  is the ground state reduction potential of the nucleobase, NB

OXE ° is 

the ground state oxidation potential of the nucleobase, and ( )G ε°Δ  is the Born 

correction.  

Typically the redox potentials mentioned here are measured in aprotic organic solvents. 

These solvents are used in order to avoid complications from proton coupled electron 

transfer reactions that are common in aqueous solvent. For these values to be relevant 

under aqueous conditions, appropriate solvent corrections have to be made to account for  

the shift in potential when measured in water.  

The Born correction can be expressed in few different ways depending on the solvent 

systems in which the redox potentials were measured. A simpler form of the Born 

correction is used when both the donor and acceptor potentials were measured in the 

same aprotic solvents (e.g., DMF, ACN): 
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4 o ion EC W ion o

eG
r r r

ε
πε ε ε

⎡ ⎤⎛ ⎞
Δ = − −⎢ ⎥⎜ ⎟

⎢ ⎥⎝ ⎠⎣ ⎦
 

(2.22)

The above expression accounts for the interaction energy between the two radical ions 

formed after electron transfer and helps account for the solvent change from an organic 

solvent whose dielectric constant is εo, to a solvent of interest εW. In our case the organic 

solvent is either acetonitrile or DMF and the solvent of interest is water. Using standard 

parameters for rion = 3.0 Å and rEC = 7.0 Å, we obtain a ( )G εΔ = ~-0.1 eV 121.  

If the redox potentials of the donor and acceptor are measured in different solvents then 

a more elaborate expression for ( )G εΔ that is given below is used123. 

 ( ) sG G WεΔ = +  (2.23)
 
Where the Born correction Gs is given by 
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 (2.24)

and the coulombic correction W is given as 

 

DA

DA

R
qnzznW

επε0

2

4
)( −−

=  (2.25)

where rD and rA are the donor and acceptor radii, respectively, RDA is the center-to 

center donor-acceptor distance, n is the number of transferred electrons, q is an 

elementary charge, zD and zA are the charges of the donor and the acceptor respectively, 

prior to the electron-transfer process, and ε0 is the electric permittivity of vacuum.  εD and 

εA are the dielectric constants of the solutions in which the redox potentials of the donor 

and the acceptor were measured.  
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2.1.3.4 How are the excited state oxidation and reduction potentials obtained? 

A look at Rehm-Weller equation (equations 2.19 and 2.20) reveals that 4 different 

redox potentials are necessary in order to calculate ΔG°
ET. Two of them are the ground 

state oxidation ( NB
OXE ° ) and reduction ( NB

REDE ° ) potentials of the native nucleobases and the 

two others are the excited state oxidation ( *FBA
OXE ° ) and reduction ( *FBA

REDE ° ) potentials of 

FBAs. The ground state oxidation potentials of the native bases have already been 

measured121 and calculated124 in aprotic organic solvents. These values have been used in 

the analysis presented in this thesis. The excited state potentials of FBAs are usually 

calculated from the FBA
OXE ° and FBA

REDE ° of the FBAs using the following equations121,125:  

 
00

* EEE FBA
OX

FBA
OX −= °°  (2.25)

 

 00
* EEE FBA

RED
FBA

RED += °°  (2.26)
 

here, E00 is the energy difference between the ground state and first excited electronic 

state obtained from the intersection of the normalized absorption and fluorescence 

emission spectra  of the FBAs. 

2.1.3.5 How are the ground state oxidation and reduction potentials obtained? 

The ground state oxidation and reduction potentials of 6MAP, DMAP, 3MI and 6MI 

have not been reported in the literature and therefore had to be measured. These 

potentials were measured using cyclic voltammetry (CV). 

CV is an electrochemical technique in which a potential is applied to an electrode 

immersed in an unstirred solution and scanned linearly between two predetermined 
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voltages and the resulting current is measured. The potential of the working electrode is 

scanned versus a reference electrode (See Figure 2-1). As the potential is scanned, 

species closest to the electrode surface gets either reduced or oxidized. As the 

concentration of the oxidized or reduced species increases near the electrode surface, the 

current increases to a maximum and it decays as concentration of the electroactive 

material decreases near the surface.. The amount of current depends on two key factors: 

rate of movement of electroactive material to the electrode surface and the rate of the 

electron transfer reaction.  Since the solution is unstirred during the potential scan, rate of 

mass transport to the stationary electrode surface is diffusion controlled126-128. 

Electrochemical reversibility or irreversibility is associated with fast or slow electrode 

kinetics respectively relative to the mass transport. 

2.1.3.6 Theoretical determination of redox potentials 

Calculated values for redox potentials were obtained to provide a comparison to the 

experimentally measured redox potentials. Theoretical one-electron redox potentials of 

the FBAs were calculated using density functional theory (DFT) on the methylated form 

using Gaussian 03129.  The 8-methyl form of the pteridines/pteridones and 9-methylated 

form of 2AP and unmethylated form of 8VA were used instead of the nucleosides in 

order to reduce computational time. A polarizable continuum model (PCM) was used to 

calculate redox potentials of FBAs in ACN and DMF130-131. The relative energies of FBA 

tautomers were calculated using SPARTAN molecular modeling software (version 4 

Essential Edition). The structures of the FBAs were first optimized in vacuo at the 

Hartree-Fock level of theory followed by DFT using a B3LYP/6-31+G(d,p) or MP2/6-

311+G(d,p) functional/ basis set. These optimized structures was used as the initial 
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geometry for PCM calculations in ACN (ε = 35.9) and DMF (ε = 36.7) 132 using the PCM 

130,133-134. These structures were analyzed carefully to make sure none had imaginary 

frequencies. 

Calculated redox potentials of the FBA were obtained from the free energy changes for 

the formation of the radical cation or anion and subtracting from this the energy of 

neutral FBA according to the method of Datta et al135. We have made an assumption that 

the sugar moiety does not affect the redox potentials of FBAs significantly.  

The free energy of each molecule was then calculated using the following equation135 

 TSEEG ThermalPCM −+=°  (2.27)

where EPCM is the predicted single-point energy of the molecule in its lowest energy 

conformation inside the polarizable continuum described by the specified solvent, EThermal 

is the thermal energy correction, S is the entropy of the molecule, and T = 298.15 K. The 

redox free energies, OXG°Δ  and REDG°Δ , respectively, are given by: 

 FBA
OXNeutralCationOX nFEGGG °°°° −=−=Δ  (2.28)

 

 FBA
REDNeutralAnionRED nFEGGG °°°° −=−=Δ  (2.29)

Since οο
redoxnFEG −=Δ . The redox free energies were converted to redox potentials 

(against NHE) using the equations 2.30 and 2.31,  

 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Δ+Δ=

+
°°°

)(n
1(volts)

22
1 gH

HGGE OXOX  (2.30)

 



45 
 

 

 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Δ−Δ=

+
°°°

)(n
1(volts)

22
1 gH

HGGE REDRED  (2.31)

where 
1
2 2
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+⎛ ⎞
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⎝ ⎠
 when n=1. 

2.2 Materials and methods for studying DNA photolyase 

2.2.1 Materials 

Materials needed of the studying electron transfer are FAD, Etheno FAD (ε-FAD), 

photolyase, and thymidine dimer (CPD) substrate. FAD (MP Biomedicals) was used as 

received in reconstitution experiments. The preparation of each of these materials is 

described below. 

2.2.2 Synthesis of ε-FAD 

ε-FAD (See Figure 2-2, page 56) was successfully synthesized using a previously 

published protocol 136-139. Briefly, 100 μmoles of FAD was stirred with 100 mmoles of 

chloroacetaldehyde in water at pH = 4.0 for 72 hours at 20-23°C (~20 mL solution).  The 

reaction mixture was split in to four 5 mL aliquots and dried in a rotovap and 

reconstituted in water. Each aliquot of ε-FAD was purified by loading onto a column 

packed using DEAE sephadex A-25 (Sigma-Aldrich) in 0.1 M potassium phosphate 

buffer at pH 6.8139. The eluted yellow bands were collected in test tubes were 

individually analyzed using UV-VIS spectrophotometer. The second band was ε-FAD, as 

was later confirmed using NMR and UV/Vis spectroscopy. 

ε-FAD showed a characteristic higher absorption at 305 nm compared to FAD or FMN 

(See Figure 2-3) The absorption band at 226 nm had a greater extinction than that at 266 



46 
 

 

nm (A226:A266 = 1.7). For FAD, this ratio is typically close to 1.2.  When excited at 305 

nm, ε-FAD has a characteristic quenched emission at 410 nm. The emission at 410 nm is 

quenched because of close proximity of the adenine to the isoalloxazine ring of FAD.  

2.2.2.1 HPLC purification of ε-FAD 

ε-FAD when purified always contains a fair amount of ethenoadenine as impurity. 

Since ε-adenine has a significantly higher fluorescence emission at 410 nm than the ε-

fad. The fluorescence from the ethenoadenine can overwhelm the fluorescence emission 

of ε-FAD. In order to purify the ε-FAD of this impurity a method was developed based 

on the HPLC purification method reported earlier140-141. In this method, the stationary 

phase was a NovaPak Radialpak C18 (8× 100 mm) column (Waters) and the mobile 

phase was 0.05 M ammonium acetate pH 6.0 and methanol and the flow rate was 

maintained at 0.75 mL/min. Initially a gradient of 85% ammonium acetate-15 % 

methanol was run for 15 minutes following injection. A ramp over 5 minutes to 20% 

methanol was performed. The column was held at 20% methanol for 25 mins. This gave 

very good separation of ε-FAD from its impurities, possibly ε-adenine, FMN and 

riboflavin. The ε-FAD peak elutes around 42 minutes. This fraction when dried and 

redissolved in water gave fluorescence emission ratio at 410:520 of 1:4 when excited at 

305 nm. This matches the fluorescence spectra reported for purified ε-FAD137 (See 

Figure 2-5). 

2.2.2.2 Phosphodiesterase assay 
PPD IFAD FMN AMPε ε− ⎯⎯⎯→ + −  

When ε-FAD is incubated in the presence of enough snake venom 

phosphodiesterase I (U.S. Biological), it cleaves the phosphodiester bonds. As a result of 

this isoalloxazine ring and the adenine ring which are in close proximity in the absence of 

the enzyme are now separated from each other and are free to diffuse away in solution. 

The close proximity of these groups in the uncleaved ε-FAD results in the quenching of 
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ε-adenosine fluorescence emission at 410 nm when excited at 305 nm.  The 520 nm 

emission from the isoalloxazine ring is dominant compared to the 410 nm fluorescence. 

Once the phosphodiester bond is cleaved the 410 nm emission from the ε-adenine 

monophosphate (ε-AMP) increases by about 50 times and is more dominant than the 520 

nm emission from the isoalloxazine ring of FMN. This assay was used as a test to verify 

that synthesis and purification of ε-FAD was successful137. (See Figure 2-6) 

2.2.3 Protein overexpression, purification and reconstitution 

Protein overexpression and purification was performed based on Gindt et al. with 

modifications142. Reconstitution of apophotolyase with flavins was carried out according 

to the report by Jorns et al.143  

2.2.3.1 Overexpression 

Cultures of E. coli MS09, the DNA photolyase overproducing strain,6 were grown in 

either Luria Broth (LB) or Terrific Broth (TB) containing ampicillin (50 µg/ml). The 2 ml 

starter cultures were grown for 12-14 hours. Two 100 μl aliquots of these starter cultures 

were transferred into two 125 ml culture flask containing 25mL of the medium with 

ampicillin. These 25 mL cultures were grown overnight for 14-16 hours and were 

transferred into 5 liters of TB. The cells were induced with 2 mM IPTG (US Biological) 

after the cells reached an optical density at A600 between 0.6 - 0.8. The induced cells were 

allowed to grow for 4-6 hours after induction before being harvested by centrifugation at 

6,000 rpm for 20 minutes using a Beckmann JA-10 rotor. The cell pellet was resuspended 

in approximately 50 ml of lysis buffer (50 mM HEPES, 10% v/v sucrose, 1mM EDTA, 

100 mM NaCl, pH  8.0) containing the protease inhibitor benzamidine (1mg/ ml) and 

homogenized thoroughly, flash-frozen in liquid nitrogen and stored at -80 °C until further 

use. 
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2.2.3.2 Protein purification 

The homogenized cells were thawed and incubated with 1 mg/ml lysozyme and trace 

amounts of deoxyribonuclease-1 (Sigma) for 20 minutes at room temperature. Following 

this the cells were kept at 4°C or on ice for the rest of the steps. These cells were lysed 

using a Fisher Scientific Model 550 sonic dismembrator with a ⅛-inch micro tip. The 

dismembrator was programmed to produce 10 bursts of 30 sec. duration with 1 min pause 

in between pulses. The cells were sonicated in 20 ml aliquots in a 50 ml pyrex beaker 

kept on ice.  

 After sonication, the lysed cells were spun down at 16000 rpm (20000g) in a 

Sorvall SS-34 rotor at 4oC to remove any unbroken cells and cell fragments. The clear 

yellow-brown supernatant was recovered without disturbing the pellet, loaded into crimp 

tubes, and centrifuged at 41,000 rpm (120,000 g) for 45 min at 4 oC. 

 The supernatant was collected and ammonium sulphate was added slowly (over 1 

hour) with gentle stirring to 60-65% saturation at 4 oC. The amount of ammonium sulfate 

to be added can be calculated using the following formula given below, where S2 is the 

final percentage of ammonium sulfate needed and S1 in the initial percentage of 

ammonium sulfate present144: 

 

2

12
424 3.0100

)(533SO)(NHofAmount
S
SS

L
gin

−
−

=  (2.32)

This resulting bluish grey suspension was centrifuged at 16,000 rpm in an SS-34 rotor 

for 15 minutes. The pellet was collected and stored at -20oC until further use. Two 

different sets of buffers could be used for the protein purification. The ammonium sulfate 
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precipitate was resuspended in buffer A (50 mM HEPES, 20% v/v glycerol, 1mM EDTA, 

10mM β-mercaptoethanol, 100 mM KCl,  pH 7.5)56 and desalted using Bio-Rad 

Econopac-10DG desalting columns (6000 MWCO) equilibrated with 30 ml of buffer A 

and used as per the manufacturer’s instructions. The ammonium sulfate precipitate could 

also be resuspended in a buffer containing 50 mM HEPES, 10% (v/v) glycerol, 10 mM 2-

mercaptoethanol, 100 mM KCl at pH 7.0 and desalted39 

Blue sepharose 6 fast flow column (Pharmacia) was rinsed and equilibrated with 5-6 

column volumes of Buffer A and the desalted protein solution was loaded onto the 

column at a low flow rate (~0.5 mL/min). The column was then rinsed with buffer A 

(flow rate 1 mL/min) until the absorbance at 280 nm reached a minimum (~ 0.1-0.4). The 

protein was eluted with Buffer B (50 mM HEPES, 20% v/v glycerol, 1mM EDTA, 10 

mM β-mercaptoethanol, 2.0 M KCl, pH 7.4)56. The blue protein fractions with a 

characteristic absorbance at 580 nm were collected, flash frozen in liquid N2, and stored 

at -80°C for further processing. The protein could also be eluted with buffer containing 

50 mM HEPES, 10% (v/v) glycerol, 10 mM 2-mercaptoethanol, 2.0 M KCl at pH 7.039.  

The blue sepharose purified DNA photolyase was concentrated using a centrifugal 

concentrator (10 kDa or 30 kDa MWCO) and buffer-exchanged into buffer A. This 

concentrated protein in low salt concentration (in Buffer A) was loaded onto a heparin 

sepharose fast flow column (Pharmacia) or HiTrap Heparin column (GE biosciences). 

After the loading was complete, the column was rinsed with buffer A until A280 was at a 

minimum and then eluted with buffer C (50 mM HEPES, 20% v/v glycerol, 1 mM 

EDTA, 10 mM  β-mercaptoethanol, 1.0 M KCl,  pH 7.4). The other buffers mentioned in 
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the blue sepharose purification can also be used for loading, rinsing and elution of 

photolyase from the heparin purification. The purity of DNA photolyase was analyzed by 

SDS-PAGE and UV-Vis absorption spectroscopy. The concentration of photolyase can 

be calculated using ε580=4,800 M-1cm-1 39. Some extinction coefficients that are useful for 

estimation of purity are ε280=21,200 M-1cm-1(FAD)143, ε280=16,000 M-1cm-1(MTHF)143, 

ε280=100,100 M-1cm-1(apophototolyase)143, ε360= 25,700 M-1cm-1 (MTHF)143 and ε580= 

4,800 M-1cm-1 (FADH•) 143.  

2.2.3.3 Preparation of apophotolyase 

In order to test the role of adenine in the FAD of DNA photolyase, the adenine moiety 

of FAD was modified chemically. The modified FAD was then incubated with 

apophotolyase and the reconstituted FAD-modified PL was purified for further study.  

The protocol for the preparation of apophotolyase has already been reported by Jorns et 

al 143,145. The heparin purified holophotolyase was buffer exchanged in to buffer Apo-A 

(50 mM potassium phosphate, 1.7 M ammonium sulfate, 0.5 mM EDTA, 10 mM DTT, 

20% glycerol and pH 7.0) using Vivaspin 20 (Sartorius Stedim Biotech) spin 

concentrator. When attempting this buffer exchange, it is better that the photolyase be 

buffer exchanged into Apo-A devoid of 1.7 M (NH4)2SO4 and then add the 1.7 M 

(NH4)2SO4 to the buffer at the very end. Once buffer exchanged, the protein was loaded 

onto HiTrap Phenysepharose column (GE biosciences) equilibrated with Apo-A. Once 

the loading was complete, the column was washed with 3-4 column volumes of Apo-A. 

The protein was rinsed with buffer Apo-B (50 mM potassium phosphate, 1.7 M 

ammonium sulfate, 0.5 mM EDTA, 10 mM DTT, 20% glycerol, saturated KBr at pH 3.5) 

until the two cofactors (FAD and MTHF) were stripped from the protein. This removal of 
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cofactors can be monitored by using the UV-VIS spectrophotometer. Once the removal 

was complete, the column was re-equilibrated with buffer Apo-A. The apoprotein was 

eluted using buffer Apo-C (100 mM potassium phosphate, 0.5 mM EDTA, 10 mM DTT, 

50% ethylene glycol, at pH 7.0).  The amount of apophotolyase was calculated using 

Beer’s law with an ε280=100,100 M-1cm-1 143.  

2.2.3.4 Reconstitution of apo-photolyase with native and modified FAD 

2.2.3.4.1 Reconstitution of apophotolyase with FADox 

Reconstitution of FADox with apophotolyase was carried out according to the work by 

Jorns143,146 and Sancar147. 7 μM of apophotolyase in buffer Apo-C was slowly stirred 

with ~ 200 μM FAD (MP Biomedicals) and incubated at 4°C for 24 hours. This mixture 

was concentrated using a Vivaspin 20 concentrator (10 kDa or 30 kDa MWCO) and 

buffer exchanged in to buffer Apo-A.  This protein was loaded on to a HiTrap phenyl 

sepharose column, which was preequilibrated with buffer Apo-A. The column was 

washed with 3-4 columns of buffer Apo-A and the reconstituted photolyase was eluted 

with buffer Apo-C. Based on the known extinction coefficients the expected ratio of 

A280/A450 = 12 but the actual ratios varied from 16-20, which meant a purity of 60-75%. 

Since apophotolyase does not bind the substrate148, further purification was not needed. 

2.2.3.4.2 Reconstitution of apophotolyase with ε-FAD 

ε-FAD (See Figure 2-2, page 56) was successfully reconstituted following the same 

protocol as mentioned above but ε-FAD was used in place of FAD143. After 

reconstitution, the absorption spectra shows clear well defined vibronic features as would 

be expected from a reconstituted flavin. The purity of ε-FAD is not extremely critical for 
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the reconstitution experiments. Apo-photolyase is unable to take in other flavin 

derivatives such as riboflavin or FMN148.  

2.2.4 Preparation of cyclobutylpyrimidine dimer (CPD) substrate 

Two different HPLC-purified DNA sequences were purchased from IDT DNA 

Technologies having the following sequences:  

5-mer: 5’-TTTTT-3’ 

11-mer: 5’GCAAGTTGGAG-3’ 

For making CPDs from the 5-mer sequence, a 1.0 mL water solution containing ~150 

μL acetone and 5-10 OD of the 5-mer DNA was purged with Ar for 30 minutes on ice in 

a purgeable sealable quartz cuvette (1.0 cm × 0.4 cm) fitted with a silicone septum. The 

sealed cuvette was irradiated on ice for 4 hours using two 40 W UV-B lamps at a distance 

of 10 cm149. A flat mirror was place below the cuvette so that the reflected light could 

double pass the sample. The cuvette was covered with a plastic Petri dish to filter out 

UV.light < 315 nm. After irradiation, the sample was dried using a Savant Speed Vac®. 

The dried sample was redissolved in water and purified using RP-HPLC. A YMC-AQ 

C18 column and water/acetonitrile mobile phase was used for this purpose. A 7 - 9% 

acetonitrile gradient was used to separate the photoproducts. All peaks were collected and 

dried. Absorption spectra were taken to analyze the ratio of absorbance at 260 nm to 210 

nm. When the 5mer sequence is converted to a sequence with one CPD (independent of 

the location) the A260:A210 goes from 0.8 to 0.6. The peak with A260:A210 of 0.6 was 

collected and used in the repair assay experiments.  
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In the case of the 11-mer sequence, ~50-75 μM of undamaged DNA + 150 μL of 

acetone + HPLC water totaling to a volume of 1.0 mL was placed in a small pyrex tube 

(5 cm (L) × 0.7 cm (ID)) and sealed with a rubber septum and parafilm. The sealed tube 

was purged on ice for 30 min with Ar. The sample was then irradiated using an Oriel 150 

W Hg lamp for 12-12.5 min, at a distance of 7.5 inches from the housing. During the 

irradiation the sample tube was placed inside a glass beaker containing water, which 

helps filter the shorter UV irradiation. Even though pyrex cuts out shorter UV, it is not 

sufficient by itself to prevent the formation of other photoproducts. The irradiated sample 

was then directly loaded on to a C18 column and purified using an acetonitrile/0.1M 

triethylammonium acetate (pH=7.0) mobile phase. A 7-11% acetonitrile gradient was 

used for this purpose. This method is based on earlier reports on thymidine dimer 

preparation 150-152(See Figure 2-5). 

2.2.5 Preparation of double stranded 11-mer: 

The 11-mer duplex was prepared by annealing a 11-mer strand containing 2-Ap. The 

complementary strand which will be referred to as 3’2Ap is given by: 

3’2Ap – 5’-CTCCAACTTGC-3’ 

Here A denotes the position of 2Ap in the sequence and is located closer to the 3’ end 

of the DNA. The 11-mer and the 3’2Ap strands were mixed in a 1.4 : 1 mole ratio21 in a 

total volume of 50 μL. The sample was heated in a water bath set at 75-80 °C for 10 min 

and allowed to cool to room temperature on the laboratory bench for at least 60 minutes. 
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2.2.6 Measuring the binding constant using steady-state fluorescence spectroscopy 

When the oxidized form of DNA photolyase binds to a dsDNA containing a CPD, the 

bases complementary to the damaged site, flips out of the double helix7,9,15,22,64,153-155. If 

the base complementary to the damaged site is fluorescent, the fluorescence emission of 

the base increases drastically15,20-22,82. This fluorescence enhancement can be used to 

measure the binding constant of photolyase with substrate. Since PLox does not repair 

CPD, the enhancement in fluorescence would correspond to the degree of photolyase: 

CPD binding. 

Steady-state fluorescence emission was measured at 15°C using a Horiba Jobin Yvon 

Fluoromax-2 fluorimeter with 250 nM dsDNA and varying concentration (50 nM – 2 

μM) of the reconstituted photolyases in buffer T (50 mM potassium phosphate, 100 mM 

potassium chloride, 0.1 mM ethylenediamminetetraacetate, disodium salt (EDTA), 10 

mM 2-mercaptoethanol, pH 7.5). The excitation wavelength was fixed at 317 nm and the 

emission was measured from 335-601 nm. The excitation band pass was 8 nm and the 

emission band pass was 12 nm.  The fluorescence was collected with a 2 nm step size and 

an integration time of 0.5 seconds per point.  

2.2.7 Single shot measurement of repair efficiency 

A single high energy (1-10 mJ) nanosecond shot (from a frequency tripled Nd:YAG 

laser) with a wavelength of 355 nm was shone on a 2 mm path length quartz cuvette 

containing 300 μL of photoreduced photolyase (3 μM) and 11-mer CPD (300 nM) and 

the amount of repair was quantified using HPLC to obtain the amounts of unrepaired and 

repaired substrate. This would provide for a direct comparison of repair efficiency 

between the two reconstituted photolyases. 
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Figure 2-1: The potential waveform applied to the working electrode in the cyclic 

voltammetry experiment. t0 is the start time of the scan and ts is the time when the scan 

direction is changed. 
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i. Complete structure of FAD and Etheno FAD(ε-FAD) 

       

  Adenine    Etheno-Adenine (ε-Ade) 

ii. Structures of adenine and etheno-Adenine (ε-Ade) 

Figure 2-2: Structural comparison of FAD and etheno-FAD, showing the differences 

in the adenine and ε-Ade structures 
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Figure 2-3: Absorption spectra of 5μM solution of FAD, FMN and ε-FAD.  ε-

FAD clearly shows a higher absorption at 305 nm, which is attributed to the etheno-

bridged adenine ring. 
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Figure 2-4: Fluorescence spectrum of HPLC purified 5μM, ε-FAD in HPLC water 

excited at 305 nm. 
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Figure 2-5: The initial and final fluorescence spectra during a phosphodiesterase 

assay. PPD IFAD FMN AMPε ε− ⎯⎯⎯→ + − . The fluorescence spectrum at the beginning 

the phosphodiesterase assay (solid line) has a very low fluorescence intensity compared 

to the one at the end of the assay (dashed line). Once the phosphodiester bond in the ε-

FAD is broken, the fluorescence emission at 410 increases by almost a factor of 50. 

While fluorescence of the 520 also goes up, it is significantly lower than the 410 nm 

emission.  
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Figure 2-6: HPLC chromatogram of 11-mer irradiated with 150 W Hg lamp for 15 

minutes with 150 μL of acetone as the sensitizer. The sample was oxygen free. The 

peak at 22.5 min is the CPD (T<>T) and the peak at 29 minutes is the undamaged 11-mer 

(T-T). 
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3 CHAPTER 3: DIFFERENTIAL FLUORESCENCE QUENCHING 

OF PTERIDINE/PTERIDONE FLUORESCENT NUCLEOBASE 

ANALOGUES BY NATIVE NUCLEIC ACID MONOPHSPHATES 

3.1 Abstract 

Fluorescent nucleic acid base analogues (FBAs) are used widely as probes of DNA and 

RNA structure and dynamics. Of increasing utility are the pteridone adenosine analogues 

(6MAP104, DMAP104) and pteridine guanosine analogues (3MI103, 6MI103). These FBAs 

(collectively referred to as PTERs) are useful, in part, because their fluorescence quantum 

yields, Φf, are modulated by base stacking with native bases (NBs), making them 

sensitive reporters of DNA structure. The quenching mechanism has been hypothesized 

to be photoinduced electron transfer following selective excitation of the FBA but hard 

evidence for this has been lacking. The degree of quenching shows some dependence on 

the neighboring bases, but there has been no real determination as to whether FBA*:NB 

complexes satisfy the basic thermodynamic requirement for spontaneous PET: a negative 

free energy for the electron transfer reaction. Indeed, quenching may result from entirely 

different mechanisms. To address these questions, Stern-Volmer (S-V) experiments were 

performed using the native base monophosphate nucleotides (NMP) GMP, AMP, CMP, 

and dTMP in aqueous solutions as quenchers to obtain quenching rate constants, kq. 

Cyclic voltammetry (CV) results for the PTERs were obtained in aprotic organic 

solvents. These data were used to obtain excited-state redox potentials from which 

electron transfer free energies were derived using the Rehm-Weller equation. The 

electron transfer reorganization energies for PET were obtained using the Scandola-
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Balzani equation, taking into account the free energy contribution due to water. 6MAP*, 

DMAP*, and 3MI* gave negative free energies between -0.1 to -0.2 eV and 

reorganization energies of about 0.13 eV. They all displayed ET activation energies 

below the accessible thermal energy (0.038 eV = 3/2kBT, where kB is Boltzmann’s 

constant) for all NMPs with the exception of CMP, whose activation barrier was only 

about 35% higher (~0.05 eV). Thus we conclude that these PTERs act as electron 

acceptors and promote NMP oxidation. However, 6MI* had positive ET free energies for 

all NMPs with the exception of GMP (and then only for nucleobase oxidation). The 

magnitudes of these free energies (≥ 0.45 eV for AMP, CMP, and dTMP) suggests that 

6MI* may not be quenched by PET. 

3.2 Introduction 

Understanding the structure and function of nucleic acids is a prerequisite towards 

understanding basic biological processes such as replication, transcription, and DNA 

repair. Fluorescence spectroscopy is particularly valuable and widely used as a probe of 

local structure and function because it is non-invasive. As the native bases (NBs) are non-

fluorescent11 fluorophores have been developed that can be added as selective tags to 

oligonucleotides. A large set of fluorophores are now commercially available that can be 

attached almost anywhere along the DNA backbone (fluorescein is a common example). 

Intercalation into the major or minor groove (e.g., ethidium bromide) is another common 

approach to render DNA/RNA fluorescent. Because they do not participate in Watson-

Crick (WC) base pairing, and sometimes distort helical structure, these types of 

fluorescent probes are not suitable for reporting on local changes in the helical structure 

and dynamics of DNA and RNA. 
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To overcome this disadvantage, structural analogues of native nucleic acids have been 

explored that are fluorescent but that participate in WC base pairing base stacking 13,156. 

In the best cases, these fluorescent base analogues (FBAs) alter the native structure of 

helical DNA minimally, while allowing for selective optical excitation and detection. In 

many FBAs the fluorescence quantum yield can be very sensitive to changes in base 

stacking 14,16,18-19,21-22,82,157-158, making them uniquely suited to studying helical structure 

and dynamics. However, the quenching mechanism often depends on sequence, 

particularly the identity of the neighboring bases stacked 5’ and 3’ to the FBA.  

The most widely exploited FBA is 2-Aminopurine (2AP) 106, the 2-amino analogue of 

adenine (6-Aminopurine). Studies on the quenching of 2AP* suggest that photoinduced 

electron transfer is operative as the quenching pathway. Most of the evidence for this 

conclusion comes from time-resolved spectroscopy, although not all groups agree on this 

interpretation of the data 159-162. We have recently obtained 2AP oxidation and reduction 

potentials by cyclic voltammetry 163 in aprotic organic solvents. These results were 

coupled with fluorescence quenching (Stern-Volmer) experiments to support the 

hypothesis of PET in 2AP:NMPs complexes.  

Other FBAs have been synthesized, allowing substitutions for adenine (e.g. 6MAP 104, 

8-vinyladenine 164), guanine (3MI and 6MI) 103, and cytosine (pyrrolo-dC) 165. There are 

fewer FBAs for thymine and uracil (5-methyl-2-pyrimidinone) 166-167 that have high 

fluorescence yields while still mimicking the double helical structure of native DNA or 

RNA. The mechanism of fluorescence quenching has remained largely unexplored. 
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The cytidine analogue pyrrolo-dC 22, the adenine analogue 6MAP 158, as well as 2AP 

21,82  were used to explore the role of base flipping in the cyclobutylpyrimidine dimer 

repair protein DNA photolyase. In each case the degree of fluorescence quenching based 

solely on the identity of the bases neighboring the FBA could not be easily explained.  

6MAP and DMAP pteridone based adenosine analogues and 3MI and 6MI pteridine 

based guanosine analogues (see Figure 3-1) were developed and characterized by 

Pfleiderer and Hawkins 19,103-104,108. These molecules are highly fluorescent as monomers 

but quench to varying degrees upon base stacking 168. The PTER backbone affords a 

significantly red-shifted absorption of the lowest energy bright transition compared to the 

NBs. These FBAs have absorption around 340 nm with extinction coefficients exceeding 

8,000 M-1cm-1, a large value for WC FBAs. Equally impressive is that the emission is 

red-shifted by 100 nm to about 430 nm. This combination of selective excitation and an 

emission wavelength that coincides with the peak quantum efficiency of many 

photomultipliers make a strong case for the wider utilization of PTERs.  

This study was undertaken to answer the following questions about this new class of 

probes: 1) Is there an inherent preference for certain native nucleic acids (e.g. purines vs. 

pyrimidines) to quench the fluorescence of these FBAs? 2) Is the quenching mechanism 

photoinduced electron transfer? 3) If the FBAs are quenched by PET, is the photoexcited 

FBA (FBA*) the donor or acceptor?  The answer to these questions must involve a 

determination of the excited state oxidation and reduction potentials of the PTERs and 

whether these redox potentials are sufficient to promote spontaneous electron transfer 

when complexed with the NBs. We now describe our approach to this determination. 
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 Stern-Volmer quenching experiments 120 have been used to obtain the quenching rate 

between an excited state donor (or acceptor) and its quencher. While the S-V approach 

does not identify the quenching mechanism, it provides the quenching rate constant that 

must be determined to push the question of PET further.  

If the radiative lifetime of the fluorophore, τ0, is known, then the ratio of unquenched to 

quenched integrated fluorescence, I0 /I  can be measured as a function of quencher 

concentration [Q] to obtain quenching rate constant, kq : (Equation 2.1, page 35) 

 

 

 

 

A modified form of the S-V equation takes into account static quenching (Eqn. 2.2, 

page 35) can be used if there is evidence of complex formation. In this case the 

equilibrium constant for the formation of ground state complexes (which are quenched), 

KS, and the constant for dynamic quenching, Kd, are separated (the intercept, B, is 

typically unity but can be varied as described below to obtain a better fit). If τ0 is known, 

then kq=Kd/τ0.  

 

 

 

 

If quenching is due to electron transfer, then these kq are related to kET, the rate constant 

for (photoinduced) electron transfer (See equation 2.17, page 39). There are various 

approaches to finding the relationship between kq and the driving force and 

reorganization energies, ΔG˚ET and λ0 respectively, for the PET reaction, starting with the 

semiclassical Marcus relation 2. However, when the diffusion rate of the reactants is 

slower than ET, other approaches have been employed. The Rehm-Weller equation 122 is 

widely used but the activation energy in this treatment was derived empirically. We have 

chosen the treatment of Scandola-Balzani 122 which is based on the bond energy-bond 
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order method 169. Both treatments recognize that the upper limit for collisional quenching 

must be the diffusion rate. Either approach requires a knowledge of the excited-state 

reduction and oxidation potentials of the FBAs. The excited-state reduction *FBA
OXE °

 and 

oxidation potentials *FBA
OXE ° , which are not known a priori, were calculated using the 

S0→S1 transition energy, E00, and the ground state reduction and oxidation potentials 170, 

which we have measured by cyclic voltammetry (vide infra). (See equations 2.25 and 

2.26, page 42)  

The free energies for electron transfer, ΔG˚ET , the free energy shift in aqueous solution 

(ΔG°W) and the activation energy, †
ETE , retrieved from this procedure have enabled us to 

assign the direction of electron transfer, assuming that it is responsible for fluorescence 

quenching in these FBAs. We show that the activation energies derived in this manner 

correlate well with the magnitudes of the experimental kq for 6MAP*, DMAP*, and 

3MI* and suggest the FBAs are quenched by nucleobase oxidation. 6MI* appears to 

quench via electron transfer by both nucleobase oxidation and reduction. 

3.3 Materials and Methods 

Guanosine monophosphate (GMP), adenosine monophosphate (AMP), cytidine 

monophosphate (CMP), and deoxythymidine monophosphate (dTMP) were purchased 

from Sigma Aldrich and used as received for fluorescence quenching experiments. 18 

MΩ cm-1 distilled/deionized water was used to make all aqueous solutions. The PTER 

FBAs were a generous gift of Mary Hawkins 104,168. They were purified using reverse 

phase HPLC on a YMC-AQ C-18 column using an acetonitrile (ACN)/water gradient 

(10-15% ACN over 20 minutes). HPLC grade ACN from ACROS and HPLC grade water 
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from Fisher Scientific were used for this purpose. Formic acid was added to both ACN 

and water to a final concentration of 0.1 %.  

The concentrations of the samples for fluorescence experiments were determined in 0.1 

M potassium phosphate buffer pH=7.0 by UV/vis absorption spectroscopy using a 

HP8452A diode array spectrophotometer. The extinction coefficients of the compounds 

that were used to determine their concentration are listed in section 2.1.2.2 (page 32).  

The steady-state fluorescence of the various FBA:NMP pairs were measured as 

described in detail previously171 and in section 2.1.2.3 (page 32). Briefly, the 

concentration of the FBAs was fixed at 1 μM and the NMP concentrations were varied 

from 0.01-50.0 mM. The excitation and emission slits were 2 nm and 5 nm respectively 

for the pteridones and 2 nm and 3 nm respectively for the pteridines. Both excitation and 

emission light was unpolarized. The wavelength range of the integration depended on the 

specific FBA but encompassed a minimum of 300 nm. Origin (v. 7.0 , OriginLab Inc.) 

was used to obtain fits of the modified SV equation (equation 2.2, page 35) to these data 

with R2 = 0.99. Matlab R14 (The Mathworks) was used to construct sensitivity plots from 

a wide range of initial parameter sets so that the search for optimal οΔ WG and λo did not 

end up in local minima. Time-resolved fluorescence decays were collected on a PTI Q25 

Quantamaster using a 340 nm LED source as described in section 2.1.2.4 (page 33). 

CV measurements were performed at 20˚C on 1.0 mM solutions of FBAs using a 

CH610C electrochemical analyzer (CH Instruments, Inc., Texas) as described in detail 

previously 171 and in section 2.1.2.5 (page 33). 
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Theoretical one electron redox potentials of the FBAs were calculated using density 

functional theory (DFT) on the methylated form using Gaussian 03129.  The 8-methyl 

form of the pteridines/pteridones were used instead of the nucleosides in order to reduce 

computational time. A polarizable continuum model (PCM) was used to calculate redox 

potentials of FBAs in ACN and DMF. More details about these calculated potentials, 

including estimates of the neutral, radical cation and anion energies in a PCM “solvent” 

can be found in Table 3-3. The relative energies of FBA tautomers were calculated using 

SPARTAN molecular modeling software (version 4 essential edition). The structures of 

the FBAs were first optimized in vacuo at the Hartree-Fock level of theory followed by 

DFT using a B3LYP/6-31+G(d,p) functional/basis set. These optimized structures was 

used as the initial geometry for PCM calculations in ACN (ε = 35.9) and DMF (ε = 36.7) 

132 using the PCM 130,133-134. These structures were analyzed carefully to make sure none 

had imaginary frequencies. 

3.4 Results 

3.4.1 Modifed Stern -Volmer analysis of steady-state emission quenching 

 
The integrated steady-state fluorescence intensities for the various FBA:NMP pairs 

were fitted to the modified Stern-Volmer equation (Eqn. 2.2, page 35) to obtain KS, Kd, 

and B, as summarized in Table 3-1. The intercept, B, was included because of evidence of 

instrumental error at very low concentrations of quencher. This intercept was only a few 

percent from 1.00 for all cases. kq can be obtained from Kd as described above if τ0 is 

known. The τ0 
103-104,162,172-173 (in aqueous buffer solutions) used for the analyses are all 

monoexponential life times except in the case of 6MI, which showed a biexponential 

emission decay. Here, a weighted lifetime was used (see Table 3-2).  
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Pteridones 6MAP and DMAP are adenosine analogues. Both showed a preference for 

quenching by purines. 6MAP is quenched by AMP and GMP about equally, whereas kq 

for dTMP is about a factor of two lower, with CMP quenching about 30% lower still, 

AMP~GMP > dTMP> CMP. DMAP, a dimethylated form of 6MAP, exhibited similar 

quenching behavior as 6MAP with purines being more efficient than pyrimidines, AMP > 

GMP > dTMP > CMP. DMAP is preferentially quenched by AMP, its kq is about 20% 

higher than GMP. dTMP is again somewhat more efficient than CMP but both 

pyrimidines appear to be less efficient quenchers for DMAP than for 6MAP. 6MAP and 

DMAP both appear to form ground state complexes with NMPs with DMAP being the 

weaker in this regard. This was also observed in the time domain for 6MAP with GMP 

and CMP as described above (Table 3-1, KS and Fig. 3-2). However, the pyrimidines 

seem to have significantly less propensity for complexation than purines. 

3MI and 6MI are pteridine analogues of guanosine. 3MI is quenched about equally by 

GMP or AMP and significantly less efficiently by the pyrimidines but show the same 

overall ordering as 6MAP: AMP ~ GMP >> dTMP > CMP. Overall, the kq values are 

lower than the corresponding values for the pteridones. This is true especially for the 

pyrimidines. Indeed, the quenching constants for 3MI by pyrimidines are about a factor 

of 3 lower than that for 6MAP or DMAP (or 2AP for that matter 171). This observation is 

discussed further below. 3MI shows a tendency to form complexes with purines but not 

pyrimidines. 

6MI shows a substantial preference for quenching by purines but is quenched most 

effectively by AMP instead of GMP: AMP > GMP > dTMP > CMP. 6MI quenching by 

pyrimidines is an order of magnitude lower than purine quenching and is significantly 
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lower than that experienced by the other FBAs. The KS values for 6MI:purines are rather 

high, as was corroborated by the time-resolved emission studies. The fitted value of KS = 

0 for both C and dT was also observed in these studies. 

The enhanced quenching of purines appears to marginalize the significance of Watson-

Crick (WC) base pairing in complex formation. If base pairs were stabilized through WC 

hydrogen bonding then we would expect to see this effect in the kq constants for 6MAP, 

and DMAP with T, and 3MI and 6MI with C. No straightforward correlation appears, 

perhaps because complexes formed via WC base pairing might not undergo quenching 

because there is no overlap of the relevant orbitals for electron transfer. Given that the 

solvent is water, there is no significant energetic advantage for WC complexes to form. 

3.4.2 Time resolved fluorescence studies of FBA:NMP complexes 

Decays were collected on 6MI and 6MAP monomers and complexes with GMP and 

CMP over a range of concentrations to determine whether complexation led to non-

collisional excited state quenching. Static quenching appears as a decrease in emission 

intensity with no change in life time, while dynamic quenching shows a concentration-

dependent decrease in τ0. Of course, both quenching mechanisms can occur 

simultaneously. 

The data are shown in Figure 3-3. The FBAs at [NMP]=0 each gave two lifetimes. The 

fast component, ca. 5 ns, had more than 99% of the amplitude, which we assigned as the 

radiative lifetime of the FBA (see Table 3-2). The second component was several orders 

of magnitude slower and was identified as a baseline component. The ratio of the prompt 

lifetimes, τ0/τ, where τ is the lifetime at [NMP] ≠ 0, were plotted and the slopes were 
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obtained by a linear fit (See equation 2.3, page 36) for comparison with S-V analyses 

based on steady-state emission intensity data (see Figure 3-4). 

The time-resolved emission of FBAs with GMP or CMP were taken from 1-50 mM in 

0.1 M phosphate buffer at pH 7 and 20°C. Interestingly, 6MI:CMP complexes showed 

only small changes in amplitude and lifetime (τ0/τ slope ~ 1.2). Similar behavior was 

observed for aromatic pterins quenched by dNMPs 174. CMP quenched 6MAP with an 

intermediate slope of about 6. The slopes for 6MI and 6MAP with GMP were 

approximately 9. If the slope from the time-resolved studies (See Eqn. 2.3, page 36) 

equals the slope from the steady-state fluorescence experiments (See Eqn. 2.1, page 35) 

then the fluorescence is quenched only via collisions between the FBA and NMP 

(dynamic quenching). If the slopes from the time resolved studies is zero, then all of the 

quenching is due to static complexation between FBA:NMP pairs175. Above results from 

the time-resolved measurements suggest that both static and dynamic quenching 

contribute to the observed fluorescence decay. This fact requires a modified treatment of 

the steady-state emission data as described next. 

3.4.3 Fluorescence quenching of FBA: NMP quenching 

The steady-state fluorescence of the various FBA:NMP pairs were measured as a 

function of NMP concentration (see Figure 3-2). To interpret these data it was necessary 

to ascertain whether buffer quenching or complexation was active. Ions have been known 

to quench dye fluorescence 176-177. We measured the emission of 3MI over a 

concentration range of 0.0→0.1 M phosphate and observed no significant quenching due 

to buffer at pH 7.0. Data was also taken for 3MI:GMP (0.0-0.05M) in water only. 3MI 

was chosen because its emission is insensitive to pH 108,178. The Kd value was about 30% 
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higher than the buffered solution, suggesting that kd is higher in the absence of buffer 

(results not shown). Interestingly, KS was about 40% lower than the buffered case, 

suggesting that solvation by ions shielded the molecules from reactive collisions. 

3.4.4 Cyclic Voltammetry (CV) of FBAs 

CV measurements were performed on FBAs in two electrolyte systems as described 

above.  Since only ACN could provide a high enough positive potential, o
OXE  values 

were obtained in that solvent. o
REDE  values measured in DMF were used in subsequent 

calculations, as the cathodic part of the CV scan is better resolved in DMF but appears 

truncated and diminished in ACN solvent. As a test, CV of thymidine in ACN (data not 

shown) was reproduced as reported by Seidel et al 170. All experimental redox values 

have an uncertainty of ±0.05 V. 

CV scans of the PTER FBAs are shown in Figure 3-5. The FBAs all exhibited 

irreversible electrochemistry. This has been observed for the native nucleic acids 170 as 

well. The PTERS had multiple reduction features (see Fig. 3-5, DMF column) while the 

oxidation range gave one major peak (see Fig. 3-5 ACN column). The first reduction 

peak seen for the pteridones/pteridines was assigned as FBA e FBA− •−+ → . Peaks at 

greater negative potential are presumably due to the reduction of species generated in 

follow-up reactions of FBA•− , the chemical identity of which is unknown (Fig. 3-5, DMF 

column). The single major peak obtained for oxidation was assigned as 

FBA FBA e•+ −→ + . 

CV measurements were performed as a function of concentration (1-3 mM) to ascertain 

whether dimerization affected the shape of the CV curve. The peak potentials did not 
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change with increase in concentration. The current was proportional to the concentration. 

Absorption spectra taken as a function of concentration showed no spectral shifts or line 

shape changes, providing additional assurance that the structure in the voltammograms 

was not due to dimers.  

We calculated the ground state energies of the different tautomers of PTERs in gas 

phase and found that the keto/amine species were more stable than the corresponding 

enol/imine form (See Figure 3-6a and 3-6b). For example, 6MI has the smallest energy 

gap between the keto/amine and enol/imine forms, about -12 kJ/mole (See Figure 3-6b). 

At room temperature the keto/amine form would be present at greater than 99%. Based 

on this analysis we rule out tautomers as the origin of the minor CV peaks. Although 

FBA solutions were kept anhydrous, it is possible that trace amounts of water produced 

small amounts of differently protonated FBAs. On the basis of these considerations the 

voltage at the peak maximum of least negative peak was assigned as the reduction 

potential (see arrows in Fig. 3-5, DMF column). 

Calculated redox potentials of the FBAs were obtained from the free energy changes 

for the formation of the radical cation or anion and subtracting from this the energy of the 

neutral FBA, according to the method of  Datta et al 179 (see Table 3-4, Columns 3, 5, 7, 

and 9). We have made the assumption that the sugar moiety does not affect the redox 

potential of the FBA significantly. The effect of different basis sets on the calculated 

redox potentials for 9-methyl-2AP was tested 171. No significant improvement in the 

redox potentials was observed beyond the 6-31+G (d, p) level, even though the energies 

of the neutral, cation, or anion states varied as much as 100 kcal/mol between the most 

widely differing diffuse basis sets. This agreement can be ascribed to cancellation of 



74 
 

 

errors when taking the energy difference of neutral and radical. Based on this analysis, 

the 6-31+G(d,p) basis set was used for the PTER calculations. In these calculations, the 

sugar moiety at the N-8 position was replaced by a methyl group (see Scheme 3-1). 

The free energy and the ground state redox potentials of the PTER FBAs were then 

calculated as described in reference 158 and in Chapter 2 of this thesis (See equations 

2.27 through 2.31, page 44) 171 

Table 3-3 contains the parameters required to calculate the ground state one electron 

redox potentials for the FBAs in ACN and DMF. The calculated potentials are also 

recorded in Table 3-4 so a comparison with the experimental potentials can be made. The 

calculated oxidation potentials show virtually no variation with solvent, varying by a 

maximum of 0.2%. The reduction potentials showed a slightly larger variation of 1.1%. 

When water was used as the solvent the redox potentials did not shift significantly (< 100 

mV, data not shown). ACN and DMF have very similar dielectric constants so this 

agreement is not surprising given that the PCM model does not account for the specific 

interactions between solvent and solute 130,133-134 The smaller than expected potential shift 

in water highlights well known deficiencies in the PCM model to account for hydrogen 

bonding.  

Overall, the experimental redox potentials differ from the calculated values by less than 

160 mV for all cases in both solvents. The pteridines have lower oxidation potentials than 

the pteridones, with the range spanning (6MAP) 1.95 V
O EXP
OXE = compared to 

(6MI) 1.65 V
O EXP
OXE = . The differences between pteridine and pteridone reduction 
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potentials are small. The largest difference is between 3MI and 6MI, about 240 mV. 

Interestingly, 6MAP, DMAP, and 3MI differ from each other by only 50 mV.  

The reduction potentials for the pteridines/pteridones show poorer agreement between 

experimental and calculated values, so much so that the computations were not predictive 

for 6MI and 3MI due to the presence of two cathodic peaks in the (DMF) 

voltammograms. Taking the lowest potential cathodic peak, 
O Exp
REDE , as a basis for 

comparison, the difference between experimental and calculated potentials is largest for 

3MI (320 mV) and smallest for 6MAP (190 mV). One possible explanation for this 

behavior might be that the accuracy of the computed radical cation energy is better than 

that of the radical anion. However, a close comparison of the values in Table3-3 do not 

bear this out. A better explanation is that the structure in the cathodic CV makes the peak 

difficult to determine accurately without deconvolution. This is consistent with the larger 

spread in the difference between experiment and computation.  

3.4.5 Excited state redox potentials of FBAs 

The excited-state oxidation and reduction potentials, *FBA
OXE ° and  *FBA

REDE ° , can be 

calculated from the ground state one electron oxidation and reduction potentials reported 

in Table 3-5 as described in chapter 2 ( See equations 2.25 and 2.26, page 42): 

Table 3-5 lists these potentials, as well as the E00 energies of the FBAs. E00 is the 

energy difference between the ground state and first excited electronic state obtained 

from the intersection of the normalized absorption and fluorescence emission spectra180 

of the FBAs in ACN or DMF for *FBA
OXE °  and *FBA

REDE °  respectively. It should be pointed out 
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that the excited-state potentials are about 0.1 V larger if the aqueous E00 energy is used 

instead of the E00 obtained in the solvent used for the CV measurements.  

To our knowledge, the excited-state oxidation and reduction potentials of 6MAP, 

DMAP, 3MI, and 6MI have not been reported. The excited-state oxidation potentials for 

these FBAs are within ~70 mV of each other. The excited-state reduction potentials, 

*
REDE ° , of 6MAP, DMAP and 3MI are approximately 1.89 V, within ~60 mV of each 

other. 6MI has a significantly lower potential of 1.41 V, about 400 mV lower than the 

other FBAs in this class. This difference has important consequences for the quenching 

rate constant of 6MI relative to the other FBAs. Inspection of Table 3-2 shows that 6MI 

does have the slowest quenching rate, in agreement with the excited-state potential 

calculated using the CV and spectroscopic results. 

3.4.6 Free energy of electron transfer ΔG°ET for the quenching of FBAs by nucleic 
acid monophosphates 

The fluorescence quenching of PTER FBAs by the nucleic acid monophosphate through 

electron transfer can happen through two possible scenarios. FBA* can reduce the ground 

state nucleic acid monophosphate, (nucleobase reduction or NBR) or it can be reduced by 

the nucleic acid monophosphate, (nucleobase oxidation or NBO). Which of these two 

processes happens depends on the free energy change. The free energy change for the 

electron transfer step ( ο
ETGΔ , ET = NBO or NBR) for both NBO and NBR can be 

calculated using the classic Rehm-Weller equations (See equations 2.20 through 2.22, 

pages 40-41) 122 
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The calculated ETG°Δ  for NBO and NBR are listed in Table 3-6. NBOG°Δ  of CMP and 

dTMP are positive while that for GMP and AMP are negative. For the pteridines 

NBR NBOG G° °Δ > Δ  by at least 0.35 eV and as much as 1.8 V, except for the case of 6MI 

with CMP.  

If the free energy contribution from water solvation stabilizes the complex, the 

resulting decrease in ETG°Δ  could support electron transfer quenching. This must be the 

case because quenching is efficient for AMP and both CMP and TMP quench to varying 

extents as well. The Born correction is not large enough to produce negative free energies 

for all FBAs in water. This raises the question as to whether hydrogen bonding plays a 

special role in the fluorescence quenching of these FBAs.  

Examination of οΔ NBOG  and οΔ NBRG  for 6MI suggests that it could undergo both NBO 

or NBR by C and dT as these NMPs have free energies in the same range, about 0.6 eV 

(see Table 3-6). However, such a large positive free energy will not be a spontaneous ET 

process and it is unlikely that the free energy shift obtained in going from organic solvent 

to water will make it so. This is borne out in the analysis below. If PET from pyrimidines 

is eliminated, then it is no longer possible to fit the quenching data for 6MI to obtain a 

unique ETGοΔ  and λ0 simply because there are too few data points left. 

3.4.7 Calculation of free energy shift in aqueous solution (ΔG°W) and the solvent 
reorganization energy (λo) 

The total free energy of quenching qG°Δ can be expressed as the sum of ETG°Δ  and WG°Δ :  

 °°° Δ+Δ=Δ WETq GGG  (3.1)  
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The value of WG°Δ  and the corresponding solvent reorganization energy, λo, for each 

FBA are not known and have to be determined from a fit of the fluorescence quenching 

constant kq to οΔ ETG  according to the Scandola-Balzani (S-B) equation 181:  
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 (3.3)  

and kd is the diffusion rate constant, and KA = kd/k-d. is the equilibrium constant for the 

association of the encounter complex, where k-d is the dissociation rate constant for the 

encounter complex. νN  is the frequency factor for a bimolecular reaction in solution, R is 

the gas constant, T is the temperature, and kET is the electron transfer rate constant. Since 

the values of νN and k-d were not known, they were fitted as a single pre-exponential 

factor α = k-d/νN. kd was set to 6.79×109 M-1s-1 at 293 K based on the Smoluchowski 

equation182. 

The values of qGΔ , λ0, and α were obtained for each individual FBA by a nonlinear fit 

of kq against ETG°Δ  based on Eqn. 3.2. Care was taken to ensure that the fitted results 

were not sensitive to the starting parameters. The free parameters were fitted with and 

without constraints ( 1.50eV 0.10eVWG°− ≤ Δ ≤  and 00.0eV 1.2eVλ≤ ≤ ). The fitted S-B 

curves and parameters are shown in Figure 3-7 and Table 3-7. Fitting the data to the NBR 
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scheme gave physically unreasonable values for οΔ WG and λo in either case. For NBR to 

be thermodynamically spontaneous WG°Δ  values will have to be more negative than those 

required for NBO, in some cases by as much as 1 eV. Such high free energy shifts do not 

seem to be supportable based on the work of Seidel et al 170. 

Fitting the data using NBO as the quenching mechanism gave physically reasonable 

parameters for 6MAP, DMAP, and 3MI with or without constraints. οΔ WG  varied from 

about -0.1 eV for the pteridones to -0.17 eV for 3MI. This difference might be due to the 

slightly higher hydrogen bonding ability of pteridines over pteridones. λo was about 0.14 

eV. Using the fitted parameters it can be seen from Table 3-8 that the free energy for 

electron transfer is negative (or nearly so) for GMP, AMP, and dTMP. Where the free 

energy is positive (e.g. 0.045 eV for DMAP:CMP) the endorgicity is small compared to 

thermal energy (about 0.038 eV at 293K). Thus, quenching through NBO appears 

reasonable by all PTERs except 6MI. This assignment does not rule out quenching by 

other mechanisms, but a comparison of the calculated activation energies with the trend 

in kq supports this view (vide infra), and a good fit to the Scandola-Balzani equation 

would not be expected if ET were not the dominant quenching mechanism. 

An example of the sensitivity of the S-B equation to the activation energy, †
NBOE  

(Eqn.3-13) is shown in Fig. 3-7 as a dashed black line for 6MAP. Here †
NBOE  was 

recalculated using λo = 0.4 eV instead of the fitted value of 0.15 eV. The function 

deviates strongly from the data and, as expected, approaches the diffusion limit at NBOG°Δ  

< -0.4 eV. Because of the somewhat low reorganization energy retrieved we re-fitted the 
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6MAP data set constraining the reorganization energy to be above 0.4 eV. The resulting 

οΔ WG  λo, and α parameters were -0.2 eV, 0.4 eV, and 0.16 respectively. These are not 

unreasonable values, but the fit, however, was about ten times worse based on a 

comparison of the respective χ2 values. 

6MAP and DMAP have nearly identical values of α, WGοΔ , and 0λ , as might  be 

expected based on their chemical similarity. The α parameter for 3MI is about 2 times 

larger than for 6MAP and DMAP. If we presume that the collision frequency, νN, is 

similar for all PTERs then the difference in α for 3MI must due to k-d, suggesting that the 

dissociation constant for the 3MI*:NMP complexes are larger than for the pteridones. 

This would lead to a shorter reaction time for electron transfer, which is consistent with 

the lower kq values obtained for 3MI. 

It is interesting that the excited state reduction potentials of 2AP 171 and 6MI are 

essentially equal (1.44 eV vs. 1.41 eV respectively). However, 2AP* can undergo 

electron transfer with pyrimidines by oxidation ( 2 * 2.03 eV
O AP

O XE = − 171), a path that is 

thermodynamically unfavorable for 6MI ( 6 * 1.48  eV
O M I

O XE = − ), which shows no 

quenching by pyrimidines. Thus 6MI may be a more selective FBA than 2AP, principally 

because of its insensitivity to thymine and cytosine. The ability to swap 6MI and 3MI in 

the same sequences may afford a differential sensitivity to the 5’ or 3’ bases surrounding 

the pteridine FBA. In this regard 6MAP and DMAP appear to be indistinguishable. 

However, the slightly higher activation energies that DMAP exhibits for pyrimidines may 

be exploited by varying the temperature of the system.  
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3.5 Discussion 

3.5.1 Steady-state fluorescence quenching of FBAs by PET 

It is interesting to note that the total electron transfer free energy for quenching by 

guanine through NBO is significantly more negative than adenine. However, the degree 

of quenching by AMP is about the same or greater than GMP for all four FBAs (see 

Table 3-1 and Figure 3-2). This could be due to differences in the k-d between the donor-

acceptor pairs. From the current analysis it is not possible to extract information about k-d 

from α for the individual donor-acceptor pairs, because these interactions are averaged 

together in the fit. 

The activation energies for the electron transfer process based on Eqn. 3.3 have been 

tabulated in Table 3-8. The quenching of 6MAP*, DMAP*, and 3MI* by GMP appears 

to be activationless. This can be attributed to the low oxidation potential of guanine (1.49 

V vs. NHE) compared to the other native bases. Quenching by AMP has a small to a 

negligible barrier. The actual difference between these calculated activation energies and 

our observed quenching propensities may be the result of small experimental errors, not 

only in our values but potentially the redox values used for the NMPs, which have error 

bars of ± 0.05 V 170. Our results do provide a satisfying justification for the slightly 

higher quenching propensity of dT over C, because † ( )NBOE CMP is about 20 meV larger 

than † ( )NBOE TMP . A measurement of the temperature dependence of quenching should be 

informative about whether guanine oxidation by PTER* is truly activationless. 

A major uncertainty concerning the application of this study to base-stacked helical 

DNA or RNA has to do with the geometric arrangement of complexes. From the 1960s, it 

has been shown that monomer bases form stacked complexes and do not engage in 
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Watson-Crick base pairing183. However if solvation of these dipolar complexes is 

ignored, simple electrostatics predicts that the most stable encounter complex would have 

a relatively non-coplanar but staggered “head-to-tail” alignment of the FBA with the NB, 

with the stabilization of the order of -1.0 eV.184 Compared to this, a stacked “head-to-tail” 

geometry has a much weaker stabilization energy, ~ 0.25 eV. However, solvation in 

water shields the dipoles so that π-stacking appears to be the dominant interaction. 

Stacking must inevitably lead to a loss of solvent between the molecules, and it may be 

that the intrinsic dipoles exert some degree of orientation on the stack. Of course, steric 

hindrance plays a role as well, especially in the case of NMPs, which all have ribose-

phosphate side chains. 

The solvent reorganization energies, 0λ , from the fits are significantly lower than the 

frequently used value of ~1.0 eV, as reported for 2AP 159. This estimate was based on the 

outer sphere reorganization energy for spherical reactants and a net zero initial dipole 

moment of the donor-acceptor pair before electron transfer 185. The pteridines/pteridones 

are molecules which have large permanent ground state dipole moments. The alignment 

of these dipole moments upon formation of the (transient) encounter complex should 

have a significant effect on 0λ . As discussed above, for dipole-dipole interactions the 

lowest energy is achieved for a "head-to-tail" geometry 184. Assuming this is the 

geometry of the encounter complex, the net change in dipole moment due to electron 

transfer (D-A→D•+-A•¯, where D=NB and A=FBA) is the important factor in determining 

0λ . For example, Eberson has tabulated many cases of self-exchange reactions where λ0 
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< 1.0 eV 169. Nonetheless, we recognize that the reorganization energies reported here 

may be in error by several tenths of electron volts. 

On the basis of excellent agreement of our quenching data with the free energy of 

nucleobase oxidation, we think that PET is the dominant mechanism for excited state 

quenching in 6MAP, DMAP, and 3MI. 6MI also appears to undergo PET quenching, at 

least for GMP and possibly for AMP. Quenching by the pyrimidines appears to be 

energetically less favorable and perhaps competing quenching pathways dominate. Our 

thermodynamic data are consistent with what has been reported for all PTERs when they 

are incorporated in single- and double-stranded DNA 103-104, with the exception of 6MI 

108,186. 

Generally, the FBAs showed the greatest quenching by purine monophosphates, even 

when complexation was taken into account. However, to definitively assign these results 

to photoinduced electron transfer we must first rule out other de-excitation pathways. 

Quenching cannot occur through Förster type energy transfer because there is no overlap 

between the donor (D*) emission spectra and the acceptor (A) absorption spectra. This 

leaves Dexter energy transfer, intersystem crossing, exciplex formation, or quenching 

through a conical intersection as possible dark mechanisms. These mechanisms are fast 

enough to compete with radiative decay or PET if the D-A distance, rDA,  is small.  

Dexter transfer, an electron exchange mechanism, is efficient for small donor-acceptor 

separations, rDA ~3-7Å, where orbital overlap between the donor and acceptor becomes 

appreciable 187. In this mechanism, energy transfer results because of electron exchange 

between D* and A as a result of which A→A* and D*→D. Fluorescence quenching is 

possible through this mechanism only if the energy difference in going from D→D* 
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matches the energy difference in going from A→A*. For the FBAs and NMPs used in this 

study, Dexter energy transfer can be ruled out because of the absence of energy matching 

120,187-188.   

Intersystem crossing, 1FBA*→ 3FBA*, can be a possible quenching mechanism. Triplet 

formation should result in weak phosphorescence. We did not observe any long 

wavelength emission growing in as a function of NMP concentration, thus it is unlikely 

that intersystem crossing contributes to the observed quenching. Likewise, FBA 

fluorescence could be quenched due to the formation of exciplexes 189, but this should 

also lead to weak red-shifted emission. We were unable to find evidence for this in our 

fluorescence data. 

Charge transfer quenching spans two regimes, full electron transfer resulting in a pair 

of radical ions, and "partial" charge transfer, in which the excited state donor forms an 

excited state charge transfer complex (CTC 190) with the acceptor. Photoinduced electron 

transfer can occur over large rDA depending on the electronic coupling between donor and 

acceptor, the driving force and the reorganization energy. CTCs are readily formed and 

can lead to quenching as the CT states often have very low transition dipole moments and 

consequently low radiative rates. CTCs often show a CT band well to the red of the donor 

absorption band175. We have not seen any indication that such a band exists, even at the 

highest quencher concentrations.  

Finally, it is possible that complex formation engenders a conical intersection 191-195 on 

the potential surface of excited FBA that is absent for the FBA alone. The result of a CI 

in the complex should be an ultrafast excited state → ground state transition. 

Unfortunately, there is no spectroscopic signature of this mechanism that is accessible 



85 
 

 

based on the steady-state methods employed in this study. However, it would be very 

unusual to obtain the correlation with redox potentials seen here if the CI mechanism 

were invoked. Therefore, we conclude that PET is the likely quenching mechanism. 

However, definitive evidence could be obtained by the observation of the transient 

radical ions involved.  

3.5.2 A comparison of pteridone/pteridine quenching observed in other studies 

A study of the quenching of the methylated free base of 6MI using KI was performed 

by Seibert et al 178. They observed a kq=6.74×109 M-1s-1, in excellent agreement with 

what we calculated as the diffusion-limited rate constant. Because iodide ion is much 

smaller than the NMPs this result provides a good checkpoint for our results. kq values 

higher than this would be suspicious.  

The quenching patterns of the NMPs with 6MAP, DMAP, and 3MI are consistent with 

earlier observations by Hawkins et al 108 for these FBAs incorporated into single- and 

double-stranded DNA. A study of 3MI and 6MI quenching was published recently by 

Poulin et al 186 which showed a similar quenching pattern observed here. These studies 

also used a combination of S-V kinetics and time-resolved fluorescence spectroscopy to 

ascertain the degree of static quenching due to the presence of ground state complexes. 

The dynamic S-V constants given in that work (with the exception of thymidine) are: 

6MI Kd (M-1) = 17/13/3.3, and 3MI Kd (M-1) = 17/15/7.2 for G/A/C respectively. The 

agreement for 6MI is fair, within a factor of 2, while agreement with their 3MI results is 

somewhat better. The largest technical difference in the studies is the method in which 

the static quenching contribution was ascertained. We used steady-state data and the 
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modified S-V equation, while Poulin et al relied more heavily on time-resolved emission 

to obtain the constants.  

Generally speaking, time-resolved emission should give more reliable information 120 

about the quenching constants, particularly when ground state complexation can lead to 

non-emissive states. However, our time-resolved studies for 6MI:CMP show no 

quenching (Fig.3-2) while the Knutson group saw evidence of quenching in their time-

correlated single photon counting studies. Indeed, the slope of a plot 6MI lifetimes τ0/τ  

vs. [CMP] gave a value close to that for the steady-state result (1.2 vs. 1.7 M-1, Table 1 

and Fig. 3-3). Both time-resolved studies show significant static quenching of the 

6MI:GMP complex. We retrieved a linear τ0/τ  vs. [GMP] relationship (using equation 

2.3, page 35) for 6MI:GMP which was within 25% of the steady-state value (9.5 vs. 12.1 

M-1 respectively). Poulin et al obtained a nonlinear relationship between [GMP] and τ0/τ 

in their study. We cannot, at present, account for this discrepancy. 

A final caveat is that the geometry of the encounter complexes in solution will be very 

different from base-stacked FBAs in oligonucleotides. Thus it is premature to extrapolate 

from these results to quenching studies performed with oligonucleotides. Nonetheless, 

these redox potentials represent the essential first step in understanding and exploiting 

PET in DNA/RNA decorated with these FBAs. Without these values, it would be 

difficult to properly assign changes in fluorescence intensity from these FBAs when 

studying DNA/RNA binding proteins, or in utilizing the PTERs in, for example, 

molecular beacons or in DNA photonic materials. 
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3.6 Conclusions 

The central theme of this work has been to determine whether fluorescence quenching 

by photoinduced electron transfer in PTER:NMP complexes is thermodynamically 

feasible and whether the PTER acts as an excited state donor or acceptor. The results 

from the steady-state quenching and electrochemistry experiments suggests that 6MAP*, 

DMAP*, and 3MI* act as excited state acceptors and are preferentially quenched by 

purines. 6MI* acts as an acceptor but is quenched by purines only. 

To our knowledge, we have presented the first measurements and calculations of one 

electron oxidation and reduction potentials of these pteridine/pteridone FBAs in aprotic 

organic solvents. On the basis of experimental ground state redox potentials, their 

excited-state redox potentials were obtained. These excited-state potentials were used in 

the Rehm-Weller equation to calculate free energies of electron transfer, οΔ ETG , for these 

FBAs. Aqueous solvation was critical in tuning the free energy via οΔ WG  to obtain 

spontaneous electron transfer. The calculated activation energy for each donor-acceptor 

pair was successfully able to account for the observed quenching patterns. The 

reorganization energies found for these FBA:NMP pairs were significantly lower than 

commonly reported for molecules of this kind.  
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Figure 3-1: Chemical structures of the FBAs used in this study.  
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Figure 3-2: S-V plots for the various FBAs quenched by GMP ( ), AMP ( ), CMP 

( ), and dTMP ( ). All fluorescence quenching measurements were made in 

potassium phosphate buffer, pH = 7.0 at 20˚ C with the concentration of FBA fixed at 1 

μM. The solid black lines are fits to the data using the modified Stern-Volmer equation 

(see Eqn. 3.2). The fit parameters are tabulated in Table 3-2. 
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Figure 3-3: Time-resolved emission of 6MI and 6MAP with various concentrations 

of quenchers GMP and CMP. 310 nm excitation was used and emission was detected at 

430 nm. The instrument response function is shown ( ) in the 6MI+CMP panel. 
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Figure 3-4: Ratio of lifetimes vs. [NMP] for 6MI and 6MAP where NMP = GMP or 

CMP. m is the slope of the fitted line with the intercept fixed at 1. Solid lines indicates 

6MI and dashed lines indicates 6MAP 
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Figure 3-5: CVs of FBAs in ACN/0.1M TBAF (left) and in DMF/0.1M TBAF (right). 

A 100 mV/s scan rate was used for these scans. All scans were initiated in the negative 

scan direction starting at - 0.8 V. The arrows indicate the oxidation and reduction peaks 

used in the calculation of the excited-state redox potentials. 
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Figure 3-7: A plot of kq against
οΔ NBOG  for FBAs 6MAP, DMAP, and 3MI. Square 

symbols are purines and triangular symbols are pyrimidines (GMP = , AMP = , CMP 

= , TMP = ). The error bars are derived a propagation of errors treatment using the 

standard deviation in the fitted parameters. The lines are the computed quenching curves 

based on the method of Scandola and Balzani181. During the fitting procedure kd was held 

constant at 6.79 ×109 M-1s-1. A calculation of kq for 6MAP using λ0 = 0.4 eV ( ) shows 

the sensitivity of the Scandola-Balzani function to †
NBOE   
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Table 3-1: Fluorescence quenching constant, kq=Kd/τ0, of the FBAs against various 

nucleotide quenchers as derived from fitting the I0/I vs. [Q] data using the modified 

Stern-Volmer equation (Equation 2.2). The fitting error in kq is given in parenthesis. 

KS represents the equilibrium constant for ground state complexation and B is the fitted 

y-intercept. 

FBA 
το 

(ns) 
NB 

B 

(±0.01) 

Kd 

(M-1) 

KS 

(M-1) 

kq (x10-9) 

(M-1 s-1) 

6MAP 

3.8104 

G 1.01 19.88 (2.60) 1.45 (1.59)  5.20 (0.68) 
A 1.00 20.88 (1.09) 0.70 (0.58) 5.46 (0.29) 
C 0.99 8.06 (2.88) 0.62 (2.18) 2.11 (0.76) 
dT 1.01 11.68 (0.34) 0.00 (0.01) 3.05 (0.09) 

DMAP 

4.8104 

G 1.00 22.51 (1.24) 0.28 (0.62) 4.67 (0.26) 
A 1.01 28.04 (1.93) 0.43 (0.87) 5.81 (0.40) 
C 1.02 7.87 (0.21) 0 (NA) 1.63 (0.04) 
dT 1.00 10.42 (0.24) 0 (NA) 2.16 (0.05) 

3MI 

6.5103 

G 1.02 26.25 (1.54) 2.63 (0.79) 4.03 (0.24) 
A 1.02 26.27 (1.76) 2.36 (0.89) 4.03 (0.27) 
C 1.02 5.43 (0.14) 0.00 (NA) 0.83 (0.021) 
dT 1.03 9.36 (2.67) 0.37 (1.91) 1.44 (0.41) 

6MI 

6.4108‡ 

G 1.01 12.10 (8.46) 9.24 (7.75) 1.89 (1.3) 
A 1.02 25.96 (2.07) 3.41 (1.10) 4.06 (0.32) 
C 1.01 1.70 (0.15) 0 (NA) 0.27(0.023) 
dT 1.00 3.10 (0.12) 0 (NA) 0.48 (0.019) 

‡The life time used here is a weighted life time from a biexponential fit with τ1=5.45 ns 

(α1  = 0.20) and τ2=6.58 ns (α2) = 0.80.  
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Table 3-2: Lifetimes of 6MAP and 6MI vs. [NMP] 

FBA [NMP] 

 (mM) 

τ([GMP]) 

(ns) 

τ([CMP]) 

(ns) 

6MAP 0 2.73 2.73 

1 2.70 2.77 

5 2.69 2.75 

10 2.55 2.61 

30 2.13 2.25 

50 NM 2.13 

6MI 0 5.43 5.43 

1 5.35 5.38 

5 5.09 5.21 

10 4.88 5.42 

30 4.18 5.15 

50 3.72 5.19 
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Table 3-3: One electron oxidation and reductions potentials of methylated  

(free base) FBAs calculated at B3LYP/6-31+G (d,p) in ACN and DMF 

 Species EPCM 

kcal/mol 

ETHERMAL 

kcal/mol 

S 

cal/(mol 
K) 

OXE °  

V 

REDE °  

V 

6MAP 

ACN 
Neutral -413753.7543 118.121 107.978     

Cation radical -413609.4486 117.559 110.382 1.842   
Anion radical -413813.8293 116.437 112.170   -1.628 

DMF 
Neutral -413753.7786 118.121 108.063     

Cation radical -413609.5287 117.556 110.421 1.840   
Anion radical -413813.9219 116.465 110.610   -1.647 

DMAP 

ACN 
Neutral -438430.2501 136.247 119.154     

Cation radical -438288.6732 135.704 120.256 1.745   
Anion radical -438488.3932 134.617 122.522   -1.724 

DMF 
Neutral -438430.2715 136.247 119.168     

Cation radical -438288.6732 135.703 120.099 1.745   
Anion radical -438488.422 134.612 124.014   -1.705 

3MI 

ACN 
Neutral -460963.492 121.801 113.659   

Cation radical -460823.6854 121.58 113.631 1.693  
Anion radical -461021.7837 120.184 113.975  -1.762 

DMF 
Neutral -460963.5342 121.805 113.392   

Cation radical -460823.8071 121.587 113.328 1.691  
Anion radical -461021.7837 120.186 113.945  -1.757 

6MI 

ACN 
Neutral -460978.319 121.029 113.569   

Cation radical -460842.7186 120.702 114.451 1.494  
Anion radical -461032.3825 119.427 119.427  -1.892 

DMF 
Neutral -460978.3781 121.028 113.937   

Cation radical -460842.8242 120.698 114.451 1.497  
Anion radical -461032.5107 119.333 117.668  
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Table 3-4: A comparison of FBA experimental (
Exp

redoxEο
) and calculated (

C
redoxEο

) 

redox potentials. The experimental potentials used are highlighted in bold and indicate 

the majority species and used for further analysis. All of the potentials reported here are 

referenced to the NHE. 

 

ACN DMF ACN DMF 

O EXP
OXE  

O C
OXE

O EXP
OXE

O C
OXE

O Exp
REDE

O C
REDE

O Exp
REDE  

O C
REDE

6MAP 1.95 1.84 NM 1.84 -1.97 -1.63 -1.46, -2.37 -1.65
DMAP 1.88 1.75 NM 1.75 -2.04 -1.72 -1.50, -2.42 -1.71
3MI 1.79 1.69 1.68 1.69 -1.76 -1.76 -1.44. -1.96 -1.76
6MI 1.65 1.49 1.54 1.50 -1.85 -1.89 -1.68, -1.96 -1.90

*NM-not measurable 
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Table 3-5: Excited-state oxidation and reduction potentials of FBAs. E00 is the energy 

(in eV) at the intersection of normalized absorption and the fluorescence emission spectra 

as measured in 0.1 M potassium phosphate buffer pH = 7.0, ACN, or DMF. The excited-

state potentials for 
*FBA

OX
O

E and 
*FBA

RED
O

E are calculated using the E00 values for ACN 

and DMF respectively. All values are in eV. 

FBAs E00 

(buffer) 

E00 

(ACN) 

E00 

(DMF) 

*FBA
OX
O

E

(ACN)

*FBA
RED
O

E  

(DMF) 

6MAP 3.30 3.47 3.38 -1.52 1.92 

DMAP 3.28 3.43 3.39 -1.55 1.89 

3MI 3.23 3.29 3.27 -1.50 1.83 

6MI 3.24 3.13 3.09 -1.48 1.41 
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Table 3-6: Free energies of electron transfer ( ETGοΔ ) calculated from the Rehm-

Weller equation (Eqns. 2.20 and 2.21) for the NBO ( NBOGοΔ ) and the NBR ( NBRGοΔ ) 

schemes. The free energies, in eV, were calculated using data obtained in ACN or DMF 

for NBOGοΔ  or NBRGοΔ  respectively.  

FBA NB οΔ NBOG οΔ NBRG  

6MAP 

G -0.53 1.14 

A -0.06 0.83

C 0.12 0.61

dT 0.09 0.52

DMAP 

G -0.50 1.11

A -0.03 0.80

C 0.15 0.58

dT 0.12 0.49

3MI 

G -0.44 1.16

A 0.03 0.85

C 0.21 0.63

dT 0.18 0.54

6MI 

G -0.02 1.18

A 0.45 0.87

C 0.63 0.65

dT 0.60 0.56
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Table 3-7: The parameters for Equations 3.2 and 3.3 were obtained by 

simultaneously fitting kq against NBOGοΔ  for 6MAP, DMAP, and 3MI. During the 

fitting procedure kd was held constant. The errors shown in the table are the errors from 

the fitting procedure.  

FBA α WGοΔ (eV) 0λ (eV) 

6MAP 0.27 ± 0.10 -0.10 ± 0.04 0.15 ± 0.15 
DMAP 0.30 ± 0.10 -0.11 ± 0.03 0.11 ± 0.18 

3MI 0.66 ± 0.15 -0.17 ± 0.03 0.13 ± 0.14 
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Table 3-8: A table showing the sum of free energy of electron transfer NBOGοΔ  and 

the free energy shift in aqueous solution WGοΔ and the solvent reorganization energy 

(λ0). The activation energy, †
NBOE , is also shown. For comparison, the thermal energy 

available at 293K is 3/2kBT ~ 0.038 eV. All values are in eV. 

FBA NB οο ΔΔ WNBO GG +  †
NBOE  (eV) 

6MAP 

G -0.63 0.000 

A -0.16 0.003 

C 0.021 0.048 

dT -0.009 0.032 

DMAP 

G -0.61 0.000 

A -0.14 0.001 

C 0.045 0.055 

dT 0.015 0.035 

3MI 

G -0.61 0.000 

A -0.14 0.002 

C 0.037 0.053 

dT 0.007 0.035 

 
'

† ' '0 0
0 0

0

ln(2)ln 1 exp ,where 
4 ln(2) / 4NBO NBO W

GE G G G Gλ
λ

⎧ ⎫⎡ ⎤Δ⎪ ⎪= Δ + + − Δ = Δ + Δ⎨ ⎬⎢ ⎥
⎪ ⎪⎣ ⎦⎩ ⎭
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4 CHAPTER 4: PHOTOINDUCED ELECTRON TRANSFER 

OCCURS BETWEEN 2-AMINOPURINE AND THE DNA 

NUCLEIC ACID MONOPHOSPHATES: RESULTS FROM 

CYCLIC VOLTAMMETRY AND FLUORESCENCE 

QUENCHING. 

4.1 Abstract 

2-aminopurine (2AP) is a fluorescent adenine analogue that is useful in part because its 

substantial fluorescence quantum yield is sensitive to base stacking with native bases in 

ss- and ds-DNA. However, the degree of quenching is sequence-dependent and the 

mechanism of quenching is still a matter of some debate. Here we show that the most 

likely quenching mechanism in aqueous solution involves photoinduced electron transfer 

(PET), as revealed by cyclic voltammetry (CV) performed in aprotic organic solvents. 

These potentials were used with spectroscopic data to obtain excited-state reduction and 

oxidation potentials. Stern-Volmer (S-V) experiments using the native base 

monophosphate nucleotides (NMPs) GMP, AMP, CMP, and dTMP were performed in 

aqueous solution to obtain quenching rate constants, kq. The results suggest that 2AP* 

can act as either a donor or acceptor depending on the particular NMP but that PET 

proceeds for all NMPs tested. 

4.2 Introduction 

Understanding the structure and dynamics of nucleic acids is a prerequisite towards 

elucidating such basic biological processes as replication, transcription, and DNA repair. 

Optical spectroscopy is a non-invasive technique that is useful in detecting and 

monitoring structure and dynamics. The natural bases (NBs) adenine, guanine, cytosine, 
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and thymine found in DNA (and uracil in RNA) have substantial extinction coefficients 

in the near ultraviolet centered around 260 nm. Changes in these extinction coefficients 

resulting from the interaction of the individual transition dipole moments of the bases 

(i.e. hypochromism196) has been exploited to measure the overall stability of  DNA and 

much of what we know about the thermodynamics of DNA and RNA stability has been 

gleaned from UV spectroscopy197.  However, the overlap of the base spectra has limited 

the application of this technique to studying the properties of specific sequences in any 

systems consisting of more than about 10 bases. Fluorescence spectroscopy is another 

potentially valuable non-invasive approach, but the native bases have been long 

recognized as non-fluorescent198-203, probably due to the presence of conical intersections  

on the excited state potential energy surface away from the Franck-Condon region192-194. 

In 1969 Ward, Reich, and Stryrer published their seminal work on the fluorescence 

properties of 2-aminopurine (2AP, see Figure 4-1), the 2-amino analogue of adenine (6-

aminopurine)204. Changing the position of the amino group altered the electronic 

properties of the molecule, resulting in a red-shifted absorption and a spectacular increase 

in the fluorescence quantum yield of the analog while preserving the ability of the 

fluorescent base analog (FBA) to engage in Watson-Crick base pairing. The absorption 

spectrum of 2AP shifted to about 305 nm, well to the red of the native base absorption. 

This provides for selective excitation of the analogue and has been well characterized 205-

207. Most importantly, the substantial quantum yield of 2AP was found to be sensitive to 

base stacking16,205-209. This feature has been exploited by many workers to afford a 

dynamical probe of changes in DNA structure induced by environmental factors or by 

proteins that modify or repair DNA21,82,210-217. 
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To fully exploit the data obtained from these studies it is critical to have a clear picture 

of how the emission quantum yield varies according to both structure and sequence. 

Studies on 2AP complexed with the NBs and in oligonucleotides suggest that 

photoinduced electron transfer (PET) is the predominant quenching pathway. Most of the 

evidence for this conclusion comes from time-resolved spectroscopy, although not all 

groups agree on this interpretation of the data159-162. Data from steady-state quenching 

methods (e.g. the Stern-Volmer method172,218-219) have also provided important evidence 

supporting the PET mechanism but pulse radiolysis experiments of 2AP:GMP mixtures 

suggest that quenching might occur through Dexter energy transfer220. 

Quenching by PET can afford a very sensitive measure of structural changes due to the 

exponential dependence of donor-acceptor distance on the electron transfer rate2. 

However, the sequence specificity of quenching is modulated by the driving force for this 

reaction and hence by the redox potentials of the reactants. These, in turn, determine the 

direction of electron transfer and afford an assignment of the excited state FBA as an 

electron donor or acceptor. In the case of 2AP*, only the oxidation potential of the 

ground state gave been measured electrochemically221 while the excited state reduction 

potential has been estimated using ultrafast spectroscopy and the Marcus relation159,172. 

Here we present, for the first time we believe, a thorough examination of the 

electrochemistry of 2AP in aprotic organic solvents and apply these results to the aqueous 

case to show that 2AP* undergoes quenching by PET as both a donor and an acceptor. 

The classic approach to obtaining excited state potentials is to perform Stern-Volmer 

(S-V) quenching experiments120 to obtain quenching rate constant, kq (See, Equation. 2.1, 

page 35): 
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The S-V model175 assumes that quenching occurs only through collisions with the 

quencher Q with an excited state donor, 

* qkD Q D Q+ ⎯⎯→ +  

 and that kq is the bimolecular rate constant for this deactivation process. A modified 

form of the S-V equation takes into account static quenching (See Equation. 2.2), in 

which case the equilibrium constant for complex formation, [ ] [ ][ ]SK DQ D Q= , and the 

constant for dynamic quenching, 0d qK kτ= , are separated. Here, the intercept, B, usually 

unity, is included because of evidence of instrumental error at very low concentrations of 

quencher (vide infra). 

If the FBA excited state lifetime, τ0, is known, then kq=Kd/τ0. These kq can be related to 

the rate constant of photoinduced electron transfer kET through the free and reorganization 

energies for this process, along with some estimates about the properties of the donor-

acceptor complex. οΔ ETG  for the photoinduced electron transfer (PET) can be calculated 

using the Rehm-Weller equation122. This approach requires knowledge of the excited-

state reduction and oxidation potentials of 2AP*. These excited-state reduction and 

oxidation potentials were obtained using the S0→S1 transition energy, E00, and the ground 

state reduction and oxidation potentials170, which we have measured by cyclic 

voltammetry (vide infra) in aprotic organic solvents. An important advantage to obtaining 

these values in aprotic organic solvent is that proton transfer from the solvent is not 

possible, simplifying the interpretation of the voltammograms. As has been shown by 

Seidel et al 121in the case of the native bases, redox potentials obtained in aprotic organic 

solvents can be extrapolated to corresponding potentials in aqueous solution. This usually 
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involves applying a potential shift in the range of -0.1 to -1.0 V, depending on the 

reorganization energy170,222. Once this information is in hand it is possible to determine 

whether the FBA* can act as a donor or an acceptor in the PET reaction.   

4.3 Materials and methods 

Guanosine monophosphate (GMP), adenosine monophosphate (AMP), cytidine 

monophosphate (CMP), deoxythymidine monophosphate (dTMP) and 2-aminopurine 

free base (2AP, Sigma Aldrich) and deoxyribose-2-aminopurine (d2AP, Berry and 

Associates) were used as received for fluorescence quenching and cyclic voltammetry 

experiments respectively. HPLC grade ACN from ACROS and HPLC grade water from 

Fisher Scientific were used for this purpose.  

The concentrations of the samples for fluorescence experiments were determined in 0.1 

M potassium phosphate buffer pH=7.0 by UV/vis absorption spectroscopy using a 

HP8452A diode array spectrophotometer. The extinction coefficients that were used to 

determine the concentration of the compounds that were used in these experiments are 

given under section 2.1.2.2 (page 32). 

The steady-state fluorescence of the 2AP:NMP pairs were measured as described in 

section 2.1.2.3 (page 32). A fixed concentration of 2AP (20 μM) was used while varying 

the NMP concentrations from 0.0-50.0 mM. Excitation was performed at 325 nm and the 

emission wavelength range was 330-650 nm. The excitation and emission slits were 1 nm 

and 4 nm respectively.  

CV measurements were performed at 20˚C on 1.0 mM solutions of d2AP using a 

CH610C electrochemical analyzer (CH Instruments, Inc., Texas) as described in section 

2.1.2.5 (page 33). 
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Theoretical one electron redox potentials of 9-methyl-2AP were calculated using 

density functional theory (DFT) on the methylated form using Gaussian 03129. 9-methyl-

2AP was used instead of the nucleoside in order to reduce computational time. A 

polarizable continuum model (PCM) was used to calculate redox potentials in ACN and 

DMF. The structures of 2AP were first optimized in vacuo at the Hartree-Fock level of 

theory followed by DFT using a B3LYP functional and  6-31G(d, p), 6-31+G(d, p), 6-

31++G(d, p), and 6-311+G(2d, 2p) basis sets in order to identify the optimal basis set for 

calculating redox potentials. This optimized structure was used as the initial geometry for 

PCM calculations in ACN (ε = 35.9) and DMF (ε = 36.7)132 using the PCM130,133-134 and 

was analyzed carefully to make sure none had imaginary frequencies. More details about 

these calculated potentials, including estimates of the neutral, radical cation and anion 

energies in a PCM “solvent” can be found in Table 4-3 and Table 4-4.  

4.4 Results 

4.4.1 Modified Stern-Volmer analysis of steady-state fluorescence quenching 

The integrated steady-state fluorescence intensities for 2AP*:NMP pairs were fitted to 

the modified Stern-Volmer equation (Eqn. 2.2, page 36) to obtain KS, Kd, and B, as 

summarized in Table 4-1, This intercept was only a few percent from 1.00 for all NMPs. 

kq can be obtained from Kd as described above if τ0 is known. Several values are reported 

in the literature for the (monoexponential) life time of 2AP 162,172-173. We have used 11.4 

ns as an average of these values.  

The fluorescence quenching experiments on 2AP* (Figure 4-2) show that both purine 

monophosphates ( =GMP, =AMP) and pyrimidine monophosphates ( =CMP, 

=dTMP) quench with comparable efficiency. The order of quenching, based on kq, is 
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rGMP > dTMP ~ rAMP ~ rCMP. rAMP appears to form complexes more readily with 

2AP than the other NMPs with a KS~5 M-1. We observed that 2AP* was also quenched 

significantly by rGTP and rATP in phosphate buffer (kq = 2.8x109 M-1 s-1 and 3.2x109 M-1 

s-1 respectively based on Eqn. 2.1, data not shown). The differences between our 

observations and those from other reports172,218 are discussed below. We also measured 

the fluorescence of 2AP* in DMF with adenosine and guanosine (only the nucleosides 

were sufficiently soluble in DMF) and found that neither of them were effective 

quenchers (data not shown). This clearly indicates the important role played by solvation, 

which is discussed more fully below. 

The enhanced quenching of purines appears to marginalize the significance of Watson-

Crick (WC) base pairing in complex formation. If base pairs were stabilized through WC 

hydrogen bonding then we would expect to see this effect in the kq for 2AP* with T. No 

evidence for this hypothesis is found, perhaps because complexes formed via WC base 

pairing might not undergo quenching because there is no overlap of the relevant orbitals 

for electron transfer. Given that the solvent is water, there is no significant energetic 

advantage for WC complexes to form. 

4.4.2 Cyclic voltammetry (CV) of 2AP 

CV measurements were performed on 2AP in two electrolyte systems as described 

above (see Figure 4-3).  Since only ACN could provide a high enough positive potential, 

OXEο values were obtained in that solvent. REDEο values measured in DMF were used in 

subsequent calculations, as the cathodic part of the CV scan is better resolved in DMF but 

appears truncated and diminished in ACN solvent. All experimental redox values have an 

uncertainty of ±0.05 V.  
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2AP showed only a single set of redox peaks but exhibited irreversible 

electrochemistry. This has been observed for the native nucleic acids170 as well. CV 

measurements were performed as a function of concentration (1-3 mM) to ascertain 

whether dimerization affected the shape of the CV curve. No concentration dependence 

was observed. Absorption spectra taken as a function of concentration (50 μM and 1 mM, 

data not shown) showed no spectral shifts or line shape changes, providing additional 

assurance that the peaks in the voltammograms was not due to dimers.  

Calculated redox potentials of 2AP were obtained from the free energy changes for the 

formation of the radical cation or anion and subtracting from this the energy of neutral 

2AP  according to the method of  Datta et al179 (see Table 4-2, Columns 3, 5, 7, and 9). 

We have made an assumption that the sugar moiety does not affect the redox potential of 

2AP significantly. The effect of different basis sets on the calculated redox potentials for 

9-methyl-2AP was tested (see Table 4-3). No significant improvement in the redox 

potentials was observed beyond the 6-31+G (d, p) level, even though the energies of the 

neutral, cation, or anion states varied as much as 100 kcal/mol) between the most widely 

differing diffuse basis sets. This agreement can be ascribed to cancellation of errors when 

taking the energy difference of neutral and radical.  

 The free energy of each molecule  and the redox potential of 2AP was then calculated 

using the equations 2.27 through 2.31(page 44) 179 Table 4-4 contains the parameters 

required to calculate the ground state one electron redox potentials for 2AP in ACN and 

DMF. The calculated potentials are also recorded in Table 4-2 so a comparison with the 

experimental potentials can be made. The calculated oxidation potentials show virtually 

no variation with solvent, varying by a maximum of 0.2%. The reduction potentials 
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showed a slightly larger variation of 1.1%. When water was used as the solvent, the redox 

potentials did not shift significantly (<100 mV, data not shown). ACN and DMF have 

very similar dielectric constants so this agreement is not surprising given that the PCM 

model does not account for the specific interactions between solvent and solute130,133-134 

The smaller than expected potential shift in water solvent highlights well known 

deficiencies in the PCM model to account for hydrogen bonding. 

2AP has one oxidation and reduction peak in both ACN and DMF. The measured 

oxidation potential,
O EXP
OXE  is 1.71 V in ACN and 1.58 V in DMF, compared to the 

calculated oxidation potential, 1.43 V
O C
OXE = obtained for both solvents. The experimental 

reduction potential in ACN and DMF are 2.13 V
O EXP
REDE = −  and 2.27 V

O EXP
REDE = −  

respectively. These agree reasonably well with the calculated values, 2.42 V
O C
REDE = − (for 

both DMF and ACN).  

4.4.3 Exited state redox potential of FBAs 

 
The excited-state oxidation and reduction potentials, *FBA

OXE ° and *FBA
REDE ° , can be 

calculated from the ground state one electron oxidation and reduction potentials reported 

in Table 4-2 (
O EXP
OXE  and 

O Exp
REDE ) according to the equations 2.25 and 2.26 (page 42): 

Table 4-5 lists these potentials, as well as the E00 energies of the FBAs. E00 is the energy 

difference between the ground state and first excited electronic state obtained from the 

intersection of the normalized absorption and fluorescence emission spectra180 of 2AP in 

ACN or DMF for *FBA
OXE °  and *FBA

REDE °  respectively. It should be pointed out that the 

excited-state potentials are about 0.1 V larger if the aqueous E00  energy is used instead of 
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the E00 obtained in the solvent used for the CV measurements. 2AP* gave an excited-

state oxidation potential of -1.94 V. Its excited-state reduction potential is 1.38 V.  

4.4.4 Free energy of electron transfer (ΔG°ET) for the quenching of 2AP* by NMPS 

The fluorescence quenching of 2AP* by the nucleic acid monophosphates through 

electron transfer can happen through two possible scenarios. 2AP* can reduce the ground 

state NMP (nucleobase reduction or NBR) or it can be reduced by the NMP (nucleobase 

oxidation or NBO). Which of these two processes happens depends on the free energy 

change. The free energy change for the electron transfer step ( ο
ETGΔ , ET = NBO or NBR) 

for both NBO and NBR can be calculated using the classic Rehm-Weller equations, as 

described in chapter 2 (See equations 2.20 through 2.22, page 40)122: 

NMP
OXE°

 and 
NMP

REDE°  are the respective ground state oxidation and reduction potentials of 

the nucleobase monophosphate These potentials were obtained from the study of Seidel 

et al170 which involved a comprehensive evaluation of redox potentials measured using a 

variety of techniques. A more recent semiempirical study of the redox potentials of the 

native bases and 2-aminopurine by Crespo-Hernández et al223 (CH) presents a modified 

view of the Seidel study and we explore the consequences of both these studies to PET in 

2AP*:NMP complexes below. However, the CH potentials are specifically calculated for 

comparison with redox potentials taken in ACN or DMF solvents. Both sets of redox 

potentials are tabulated in Table 4-6. The two sets of oxidation potentials differ by a 

maximum of 11% (guanine) with a mean absolute deviation of 1.3% while the reduction 

potentials differ at most by 15% (cytosine) with a higher mean deviation of about 10.6%. 

In this latter case, the reduction potentials of CH are systematically more negative than 

those from Seidel’s work. 
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The calculated ETG°Δ  for NBO and NBR are listed in Table 4-7 using the two sets of 

redox potentials given in Table 4-6. Using Seidel’s values, all ET free energies are 

positive with the exception of 0.05 eVNBOG°Δ = −  for rGMP, suggesting that 

photoinduced electron transfer via NBO or NBR will not be spontaneous for dTMP, 

rCMP, and rAMP without a free energy contribution to solvation. This is discussed 

below. The free energies for NBR are, within experimental error, distinct from those for 

NBO, with the exception of rAMP. This suggests that NBO will be a spontaneous or near 

spontaneous process for rGMP, and NBR for rCMP, and dTMP, while rAMP can 

undergo either NBO or NBR.  

The CH redox values for the NBs were determined to reflect solvation in ACN or DMF 

and therefore are of particular interest here. All ET free energies are more positive than 

those obtained using Seidel’s redox potentials. Again, rGMP represents the lowest free 

energy (for NBO) and therefore, given a sufficiently negative solvation free energy 

contribution, should undergo spontaneous electron transfer to 2AP*. dTMP has the next 

lowest free energy, this time for NBR, followed by rAMP via NBO and rCMP, which can 

undergo either NBO or NBR. 

In either case, if the free energy contribution from water solvation, WG°Δ , stabilizes the 

complex, the resulting decrease in ETG°Δ  could support spontaneous electron transfer 

quenching121 ( or ET NBO NBR WG G G° ° °Δ = Δ + Δ ), consistent with the measured kq values that 

show that the quenching rates for these native bases are within 50% of the quenching rate 

for rGMP. The Born correction (~ -0.1 V) is not large enough to produce negative free 

energies for all NMPs in water. To address this issue fluorescence quenching of 2AP* by 

adenosine and guanosine in DMF was tested. We were unable to use mononucleotides 
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because they were insoluble in DMF. However, nucleosides were soluble in DMF up to 

at least 5 mM. No quenching was observed for either guanosine or adenosine (results not 

shown). Although it is not possible to directly compare these results in aqueous and non-

aqueous solutions (because of the difference in quenchers), the results suggest that water 

significantly shifts the energetics of the quenching process and that the free energy for 

this solvation process is not accounted for in Eqns. 2.20 through 2.22 (page 40). 

An estimate of WG°Δ   for nucleobases, and a justification for obtaining the redox 

potentials of NBs in aprotic solvents was laid out by Seidel et al170. They found that the 

redox values for the native bases obtained in aqueous solution were highly variable and 

technique-dependent. CV measurements in aprotic polar solvents abolish proton-coupled 

electron transfer and other proton-driven chemical follow-up reactions, while retaining a 

polar dielectric environment similar to water. To compensate for the difference in 

solvation energies, they introduced a free energy shift, WG°Δ , by adding this term into the 

energy argument of the Franck-Condon factor of the Marcus equation and obtained its 

value by fitting the quenching rate constants to the Marcus equation using the redox 

potentials of the NBs obtained in DMF. WG°Δ  was in the range of -0.5 to -0.9 eV. This 

averaged  free energy aqueous solvation shift was argued to be consistent with the 

quenching data and with the redox potential results taken in different solvents by 

different techniques. The CH treatment does not include an estimate of WG°Δ  since it is 

concerned only with aprotic solvents. 

The smallest shift necessary to allow for spontaneous NBO/NBR using Seidel’s redox 

potentials is about -0.32 eV (based on NBR for rAMP). This modest solvation shift 
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suggests that 2AP* is quenched spontaneously by guanine through NBO, and cytosine, 

thymine, and adenine through NBR (The free energies for adenine NBO and NBR are 

within the estimated error and may not be distinguishable. We refer to this as NBX, 

where X=O or R). Because of this mixed mechanism, the application of the Rehm-Weller 

formalism to determine WG°Δ  and λ are inappropriate. However, this picture gives a 

thermodynamic ordering of {ΔG°NBO(G) ~ ΔG°NBR(dT), ΔG°NBR(dT) ~ ΔG°NBR(C) } < 

ΔG°NBX(A) in aqueous buffer, which is somewhat inconsistent with our kq values since kq 

for rGMP is larger than that for dTMP. 

A slightly larger though still modest ~ 0.42 eVWG°Δ −  is required to make PET 

quenching by NBO or NBR spontaneous based on the CH redox potentials. In this case, 

the purines undergo NBO and dTMP by NBR. Interestingly, cytosine can undergo either 

oxidation or reduction. The ordering based on these values would be 

{ ( ) ~ ( ), ( ) ~ ( )} ( )NBO NBR NBR NBO NBXG G G dT G dT G A G C° ° ° ° °Δ Δ Δ Δ < Δ . This ordering leads to 

better agreement with kq, although there is ambiguity in the ranking of quenching 

constants for dT and A due to experimental uncertainties. Interestingly, the two orderings 

lead to different predictions about whether NBO or NBR will be observed. To date, 

transient absorption data by groups cited in this work have not provided conclusive 

identification of NB radical ions reported. However, the semiempirical treatment of NB 

redox potentials of the Crespo-Hernández group seems to be supported by our kinetic and 

thermodynamic analysis here. Based on the accuracy of the free energy and kq values (as 

opposed to their precision) we can rank the NBs in terms of quenching efficiency in the 

following base order: rGMPNBO > dTMPNBR > rAMPNBO > rCMPNBX. We recognize, 
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however, that measurement precision would require an ordering of rGMP > (dTMP, 

rAMP, rCMP). A more accurate contribution of static and dynamic quenching can be 

obtained from lifetime studies in the presence of quenchers. This could change the values 

of kq and their ordering. 

4.5 Discussion 

4.5.1 2AP excited-state quenching 

We have shown that all NMPs quench 2AP* in aqueous solution. The order of 

quenching we suggest is rGMPNBO > dTMPNBR > rAMPNBO > rCMPNBX. The CV and 

spectroscopic analysis suggest that the thermodynamic driving force is greatest for G and 

smallest for C: { ( ) ~ ( ), ( ) ~ ( )} ( )NBO NBR NBR NBO NBXG G G dT G dT G A G C° ° ° ° °Δ Δ Δ Δ < Δ .  

Stern-Volmer quenching of 2AP* has been examined by several groups besides our 

own with varying results. The earliest account from Wierzchowski’s group (1977)218 for 

2AP*:thymidine showed evidence of static complexation, with a KS ~6 M-1 and a 

dynamic quenching constant, Kd~35 M-1 at 21°C compared to 2.2 M-1 and 19.4 M-1 

respectively in this work. The quenching constant, kq ~ 3 ×109 M-1s-1 is about 50% larger 

than our value of 1.7 × 109 M-1s-1 as it scales with the Kd constant. The agreement is 

reasonable, given that dTMP was used here compared to thymidine in the earlier study 

and the bulkier NMP will have slower diffusion and perhaps more hindered complexation 

than the thymidine nucleoside. Another possibly significant difference is that 

Wierzchowski’s results were obtained in unbuffered aqueous solutions using 1 mM 2AP 

with concentrations of thymidine ranging up to 260 mM. 
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In contrast, using dNTPs Kelley et al172 observed quenching with dGTP but not dATP 

(T and C were not mentioned). These results were obtained using 0.1 mM 2AP in 100 

mM phosphate buffer, pH 7, at 20°C. A linear S-V analysis (equation 2.1) was used and 

the kq ~ 2.2 × 109 M-1s-1 was obtained, which is about 13% lower than our value. This 

good agreement is not too surprising since we measured a KS~1.4 M-1 for 2AP:GMP 

suggesting that quenching is mostly dynamic. We performed a control experiment using 

rGTP and rATP but these also gave quenching to the same extent as the corresponding 

rNMPs shown in Table 4-1. It is possible that the 2'-OH group in the dGTP sugar plays a 

crucial role in tuning the free energy for the quenching process. However, the work of 

Seidel et al170 showed that 2'-deoxythymidine had almost the same quenching constant as 

2'-hydroxyuridine (ribose form), suggesting that the quenching behavior is relatively 

independent of the sugar. Crespo-Hernández et al also showed that the sugar has a 

modest effect on the redox potentials223. Stivers has shown that 2AP* in ssDNA is 

quenched when flanked by several thymines on either side of the FBA177. 

Further evidence that the other NBs could quench 2AP* was found by Rachofksy, 

Osman, and Ross. They obtained S-V quenching constants from steady-state and time-

resolved fluorescence measurements for d2AP with rG, rA, rC, dT, ATP, and GTP224 in 

20-200 mM tris:HCl buffer, 60 mM NaCl, 0.1 mM EDTA, pH 8. The quenching 

constants obtained from this work gives the ordering rA ~ dT > rC > rG with d2AP* 

compared to our ordering of rGMPNBO > dTMPNBR > rAMPNBO > rCMPNBX with 2AP 

freebase. The actual values of kq differ by less than 26% for all NBs with the exception of 

G, which is the best quencher in our study and the poorest in the Ross study. The reason 

for this may be due to the use of the nucleoside in the latter case and the monophosphate 
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here. The ribonucleosides were not soluble enough to obtain KS constants reliably, thus a 

fit to obtain this and the Kd constants would be difficult. The use of dT, GTP, and ATP 

did afford the Ross group with a KS = 54 M-1 for dT, and 32 M-1 for both purines, 

compared to 2.2 M-1 for dT and 1.4 M-1 and 5.0 M-1 for GMP and AMP here. The 

difference is striking and may be due to differences in the buffer systems (including the 

use of EDTA). However, another possibility is that the titrations were performed to a 

significantly higher NB concentration than we employed, ~300 mM compared to 50 mM 

respectively. It may be that higher aggregates account for the much higher KS values seen 

by the Ross group. In summary, the significant deviation in ordering is difficult to 

rationalize. However, GMP showed the most negative ETGοΔ (for NBO) of any NB in this 

study and this suggests that it should be the most efficient quencher. Other studies cited 

herein appear to support this conclusion. 

Our results agree with the work by Amerongen et al161-162 who observed quenching in 

2AP-containing dinucleotides (presumably deoxy) using femtosecond transient 

absorption. They showed that the magnitude of quenching occurs in the order dGTP > 

dTTP > dATP ~ dCTP. An important difference in the systems studied is that the 

dinucleotides have a much more well defined, if constrained, interaction geometry than 

free bases colliding in solvent. This difference would be invisible in our measurements of 

kq since we are not able to resolve any kinetics faster than the diffusion rate.  

4.5.2 2AP redox potentials 

We obtained 1.71 V for the ground state oxidation potential of 2AP in ACN. This value 

should shift to lower potentials in aqueous medium. Yao and Musha reported a value of 

0.98 V for 2AP in aqueous solution (pH 7)221. Examination of the redox potentials 
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reported for the various native nucleic acids shows a minimum shift of about 700 mV in 

going from a non-aqueous to an aqueous environment170. Thus our 2AP value is in good 

agreement with Yao and Musha.  

Crespo-Hernández et al calculated the oxidation potential of d2AP = 1.86 V (in DMF 

or ACN). This is within 9% of our experimental result but significantly higher than our 

DFT calculation. Given the semiempirical nature of the study it is not surprising that the 

adjusted DFT calculation of CH would produce better agreement with this experiment. 

Interestingly though, they predict that d2AP* will reduce dGuo and dAdo and oxidize 

dCyd and dThd in DMF or ACN. This was not seen experimentally in our work (vide 

supra) for 2AP free base with either rA or rG in DMF. However, as described above, the 

( )ETG CοΔ  found here are all positive and therefore we don’t expect 2AP* quenching in 

DMF by either NBO or NBR. 

The excited-state reduction potential of 2 *AP
REDE ° = 1.38 V in DMF is very close to the 

aqueous value reported by Fiebig159 and Barton et al172 of 1.5 V. On closer examination 

this agreement may be fortuitous. The 2 *AP
REDE ° obtained by Fiebig was based on a fit of kET 

obtained from transient absorption of 2AP:nucleobase complexes in aqueous buffer. We 

cannot ignore the potential shift in going from DMF→water, which must be several 

tenths of a volt. We obtained 1.71 V for the ground state oxidation potential of 2AP in 

ACN. This value should shift to lower potentials in aqueous medium. Yao and Musha 

reported a value of 0.98 V for 2AP in aqueous solution (pH 7)221. Examination of the 

redox potentials reported for the various native nucleic acids shows a minimum shift of 
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about 700 mV in going from a non-aqueous to an aqueous environment170. Thus our 2AP 

value is in good agreement with Yao and Musha. 

A possible resolution of the two values may be had from an examination of one of the 

assumptions in fitting kET from the ultrafast experiments. The reorganization energy for 

these PET reactions was set to 0λ  = 1.2 eV assuming spherical reactants and a net zero 

initial dipole moment of the donor-acceptor pair before electron transfer185. However, 

molecules which have large permanent ground state dipole moments will undergo 

significant alignment in the formation of the (transient) encounter complex, which 

should, in turn, leading to a decrease in 0λ . Dipole-dipole interactions lead to a lowest 

energy “head-to-tail” geometry184. This may be true of 2AP and the NMPs, in spite of 

significant dielectric screening of the dipoles in polar (aqueous) solvent. Whether this 

geometry leads to highly efficient PET remains to be determined. 

Assuming this is the average geometry of the encounter complex, the net change in 

dipole moment due to electron transfer (D-A→D•+-A•¯) should be smaller than predicted 

if the reactants had the assumed zero dipole moment. Eberson, for example, has tabulated 

many cases where λ0 << 1 eV169.  We have seen this to be the case for FBAs based on 

pteridones or pteridones complexed with NMPs where PET is involved222. In these 

systems 0λ < 0.2 eV. This recalibration of reorganization energies for FBAs with non-

zero dipole moments could impact our understanding of 2-aminopurine PET. We were 

not able to determine the ET free energy for 2AP because of its mixed NBO/NBR 

behavior. However, this study suggests that 2 *O AP
REDE could be significantly higher than 

previously thought. 
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Finally, the quenching rate constants obtained here are likely to reflect the geometry of 

the encounter complex while quenching in oligonucleotides most likely involves an 

entirely different geometry of the reactants. Nonetheless, the excited state redox 

potentials for 2AP* measured in this study should be applicable to elucidating the 

spontaneity of PET involving 2AP* and the native bases in ss- and ds-DNA. 

4.6 Conclusions 

To our knowledge, we have presented the first measurements and calculations of one 

electron oxidation and reduction potentials of 2AP in aprotic organic solvents and the 

first determination of the 2AP reduction potential in any solvent based on cyclic 

voltammetry. The corresponding excited-state redox potentials were obtained. These 

excited-state potentials were used in the Rehm-Weller equation to calculate free energies 

of electron transfer for both nucleobase oxidation and reduction by 2AP*.  Taking into 

account the decrease in free energy in going from organic to aqueous solution, these 

values suggest that 2AP* oxidizes rGMP and rAMP but reduces TMP. The electron 

transfer direciton in PET involving 2AP* with AMP could occur by either nucleobase 

oxidation or reduction based on the near equivalence of NBOGοΔ  and NBRGοΔ . 

4.7 Acknowledgements 

We wish to thank Dr. Eric Borguet, Department of Chemistry, Temple University, for 

access to his potentiostat and for useful discussions. MN would like to thank Mr. Venkat 

Velvadapu of Dr. Rodrigo Andrade’s research group, Department of Chemistry, Temple 

University. MN and RJS would like to thank Dr. Vincent Rotello at the University of 

Massachusetts at Amherst and Dr. Anthony Addison at Drexel University and for their 

valuable input on the CV results. Drs. Torsten Fiebig (Northwestern University) and 



124 
 

 

Vladimir Shafirovich (NYU) provided useful discussions about the redox potentials of 

2AP. MN was supported, in part, by NSF grant CHE-0847855. This research was 

supported in part by grant number MCB080057P from the Pittsburgh Supercomputer 

Center, supported by several federal agencies, the Commonwealth of Pennsylvania, and 

private industry. 



125 
 

 

Figure 4-1: Chemical structure of 2AP used in this study 
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Figure 4-2 S-V plots for 2AP* quenched by GMP, AMP, CMP, and dTMP. All 

fluorescence quenching measurements were made in potassium phosphate buffer, 

pH = 7.0 at 20˚ C. The solid black lines are fits to the data using the modified Stern-

Volmer equation (see Eqn. 1b). The fit parameters are tabulated in Table 1. 
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Figure 4-3: CVs of 2AP in ACN/0.1M TBAF (top) and in DMF/0.1M TBAF 

(bottom). A 100 mV/s scan rate was used for these scans. All scans were initiated in the 

negative scan direction. The arrows indicate the oxidation and reduction peaks used in the 

calculation of the excited-state redox potentials. 
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Table 4-1: Fluorescence quenching constant, kq=Kd/τ0, of 2AP* against various 

nucleotide quenchers as derived from fitting the I0/I vs. [Q] data using the modified 

Stern-Volmer equation 4.2. The fitting error in kq is given in parenthesis. KS represents 

the equilibrium constant for ground state complexation and B is the fitted y-intercept. 

NMP 
B 

(±0.01) 

Kd (±σ) 

(M-1) 

KS (±σ) 

(M-1) 

kq x10-9 (±σ) 

(M-1 s-1) 

G 1.00 28.66 (3.50) 1.43 (1.63) 2.52 (0.72) 
A 1.01 17.60 (1.45) 4.96 (0.99) 1.55 (0.42) 
C 1.00 16.20 (2.01) 0.16 (1.16) 1.43 (0.41) 
dT 1.00 19.41 (0.64) 2.21 (0.37) 1.71 (0.44) 

 

†Several values are reported in the literature for the life time of 2AP 162,172-173,224-225. 

We have used 11.4 (± 2.9) ns as an average (and error) of these values.  
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Table 4-2: A comparison of 2AP experimental (
Exp

redoxEο
) and calculated ( C

redoxEο ) 

redox potentials. The experimental potentials used are highlighted in bold and indicate 

the majority species and used for further analysis. The measurement error is estimated at 

±0.05 V. All of the potentials reported here are referenced to the NHE. 

ACN DMF ACN DMF 
O EXP
OXE  

O C
OXE  

O EXP
OXE

O C
OXE

O Exp
REDE

O C
REDE

O Exp
REDE  

O C
REDE  

1.71 1.43 1.58 1.43 -2.13 -2.42 -2.27 -2.42 
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Table 4-3: Redox potential of 2AP-9methyl calculated with different basis sets 

using the B3LYP functional. ACN (ε = 35.94) was used as the solvent in all these 

calculations. 

Species/Theory EPCM  
kcal/mol 

ETHERMAL 

kcal/mol 
S             

cal/(mol •K) 

O

OXE      
V 

O

REDE    
V 

6-31G(d, p)  
Neutral -317935 92.672 93.662  

Cation radical -317807 92.321 93.814 1.160  
Anion radical -317965 90.548 98.646  -2.910

6-31+G(d, p)  
Neutral -317950 92.369 93.014  

Cation radical -317816 92.093 93.425 1.429  
Anion radical -317991 90.296 96.142  -2.422

6-31++G(d, p)  
Neutral -317950 93.37 93.019  

Cation radical -317816 92.096 93.414 1.429  
Anion radical -317992 90.29 96.191  -2.421

6-311+G(2d, 2p)  
Neutral -318025 92.19 92.943  

Cation radical -317891 91.923 93.489 1.425  
Anion radical -318067 90.166 95.719  -2.400
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Table 4-4: One electron oxidation and reduction potentials of methylated (free base) 

2AP calculated at B3LYP/6-31+G (d,p) in ACN and DMF 

 Species EPCM 

kcal/mol 

ETHERMAL 

kcal/mol 

S 

cal/(mol K) 

OXE °  

V 

REDE °  

V 

2AP 

ACN 
Neutral -317949.7625 92.369 93.014     

Cation radical -317815.8629 92.093 93.425 1.429   
Anion radical -317991.4483 90.296 98.142   -2.422 

DMF 
Neutral -317949.7895 92.370 93.047     

Cation radical -317815.9395 92.092 93.458 1.427   
Anion radical -317991.5207 90.297 96.147   -2.420 
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Table 4-5: Excited-state oxidation and reduction potentials of 2AP*. E00 is the 

energy (in eV) at the intersection of normalized absorption and the fluorescence emission 

spectra as measured in 0.1 M potassium phosphate buffer pH = 7.0, ACN, or DMF. The 

estimated error is ±0.03 eV. The excited-state potentials for 2 *O AP
O XE and 2 *O AP

REDE are 

calculated using the E00 values for ACN and DMF respectively. 

FBAs 
E00  (eV) 

(buffer) 

E00  (eV) 

(ACN) 

E00  (eV) 

(DMF) 

2 *O AP
O XE  

(ACN) 

2 *O AP
REDE  

(DMF) 

2AP 3.67 3.71 3.73 -2.02 1.44 
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Table 4-6: The following oxidation/reduction potentials for the native bases are 

provided for comparison from the work of Seidel et al 170and Crespo-Hernández et 

al223: 

NB ( )
O

OXE S  ( )
O

OXE CH  ( )
O

REDE S  ( )
O

REDE CH  

G 1.49 1.66 <- 2.76 ~ -3.00 

A 1.96 1.83 - 2.45 - 2.71 

C 2.14 1.96 - 2.23 - 2.56 

dT 2.11 2.08 - 2.14 -2.32 

( )
O

OXE S ,  ( )
O

REDE S  from Ref. 170, ( )
O

OXE CH ,  ( )
O

REDE CH  from Ref. 223 
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Table 4-7: Free energies of electron transfer ( ETGοΔ , in eV) calculated from the 

Rehm-Weller equation for the NBO ( NBOGοΔ ) and the NBR ( NBRGοΔ ) schemes. The 

free energies were calculated using data obtained in ACN or DMF for NBOGοΔ  or NBRGοΔ  

respectively (± 0.06 eV).  The free energies denoted (S) were calculated using columns 2 

and 4 from Table 4-6. The free energies denoted (CH) were calculated using columns 3 

and 5 from Table 4-6. 

NB ( )NBOG SοΔ  ( )NBRG SοΔ  ( )NBOG CHοΔ  ( )NBRG CHοΔ  

G -0.05 0.64 0.12 0.88 

A 0.42 0.33 0.29 0.59 

C 0.60 0.11 0.42 0.44 

dT 0.57 0.02 0.54 0.20 
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5 CHAPTER 5: ENERGETICS OF PHOTOINDUCED ELECTRON 
TRANSFER BETWEEN 8-VINYLADENINE (8VA) AND NATIVE 

NUCLEIC ACID MONOPHOSPHATES 

5.1 Abstract: 

8-Vinyladenosine (8VA) is an analogue107, like 2-aminopurine (2AP)106, that has a red-

shifted absorption and high fluorescence quantum yield compared to native adenine. It 

preserves Watson-Crick base-pairing with thymine and its base stacking properties are 

similar to those of 2AP. The fluorescence quantum yield of 8VA is modulated by the 

identity of its nearest neighbors and the degree of base stacking, making it a very useful 

real-time probe of DNA structure. Kenfack et. al110 have  speculated that one possible 

mechanism that leads to fluorescence quenching of 8VA is the formation of charge 

transfer states. Our earlier Stark spectroscopy measurements25 on 8VA confirmed that the 

excited state has a high degree of charge transfer character. In this study we report the 

one electron oxidation and reduction potentials of 8VA as measured through CV in polar 

aprotic solvents. The Rehm-Weller (RW) equation was used to obtain the free energies of 

electron transfer, ΔG°ET, for the nucleobase oxidation (NBO) and reduction (NBR). The 

relative magnitudes of these free energies have been used to assign the most likely 

direction of electron transfer suggesting that 8VA could be quenched via NBO in the 

presence of GMP and by NBR in the presence of CMP and TMP.  In the case of AMP, 

although both NBO and NBR are thermodynamically feasible, NBR is favored due to 

lower free energy and therefore a lower activation barrier. 

5.2 Introduction 

Fluorescence enhancement or quenching has been used as a valuable tool in 

understanding biological structure, dynamics, and function15,20-23,107,205,212-213,215,217,226-231. 
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Fluorophores which cause the least perturbation of the local environment can provide 

useful information. Fluorescent base analogues, FBAs, have been found to be extremely 

useful for this reason. 

8VA, a recently discovered FBA of adenine has a vinyl group on the C-8 position of 

the adenine ring107 (See Figure 5-1). Its lowest absorption band (~290 nm) is somewhat 

red-shifted compared to the native nucleic acids but is slightly blue shifted compared to 

the more extensively used adenine analog 2-Aminopurine (305 nm)106.  

The fluorescence life time of monomer 8VA in HEPES buffer has has been reported to 

be 4.7 ns 107. When introduced into single- or double-stranded DNA strand, its 

fluorescence emission is significantly quenched compared to its monomeric form.  Time 

resolved measurements have been reported for single- and double-stranded DNA 

sequences containing 8VA, that suggest that 8VA is better base stacked compared to 2AP 

in the DNA strands232.  

In a recent theoretical paper by Kenfack et al.233, where A and B forms of dimers and 

trimers of A, C and T with 8VA were studied, they suggested that quenching in 8VA was 

due to: 1) Mixing of molecular orbitals in the ground state between 8VA and the bases  or 

2) the presence of a lower lying dark state, which results in non-radiative decay of 

excitation.  

Excited state electron transfer to neighboring bases has been suggested as one of the 

possible mechanisms for fluorescence quenching. Our recent Stark spectroscopy study 

shows significant charge transfer of the π-π* state, as predicted by Kenfack et al233. This 

begs the question that if the excited state of 8VA has charge transfer character, is electron 
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transfer to or from its nearest neighbor nucleic acids, the preferred mechanism of 

fluorescence quenching? What is the driving force for such electron transfer?   

In this work we have measured the ground state oxidation and reduction potentials of 

8VA from cyclic voltammetry (CV) experiments in organic solvents. These ground state 

have been used to calculate excited state redox potentials for 8VA. The Rehm-Weller 

equation has been applied to obtain the free energy of electron transfer (ΔG°ET) for the 

nucleobase oxidation (NBO) and nucleobase reduction process (NBR) and the direction 

of electron transfer has been assigned on this basis.  

Since 8VA is an analogue of adenine, it is only appropriate that we compare the above 

mentioned thermodynamic parameters between 8VA and 2AP. To date 2AP is the only 

system where some evidence has been shown for the possibility of electron transfer as a 

mechanism of fluorescence quenching159,172. In our recent work on 2AP, we have shown 

that with a modest shift in the free energy of electron transfer ΔG°ET, quenching due to 

PET is a possibility. Based on the above reasoning we have used the ΔG°ET values 

obtained here to provide a comparison of the quenching behavior between 2AP and 8VA. 

5.3 Experimental methods: 

5.3.1 Synthesis of 8VA 

8-Vinyladenosine (8VA) was synthesized and purified as described elsewhere25. The 

concentration of 8VA was determined using an extinction coefficient (ε290=12,600 M-

1cm-1)105. All aqueous solutions were made with deionized water. HPLC grade 

acetonitrile (ACN, Fisher Scientific) and dry distilled dichloromethane (DCM) were used 

in the electrochemistry measurements. 
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The CV measurements were performed at 20˚C on 1.0 mM solutions of 8VA using a 

CH610C electrochemical analyzer (CH Instruments, Inc., Texas). The redox potentials 

were measured in two electrolyte systems: ACN or DCM containing 0.1 M tert-butyl 

ammonium hexafluorophosphate (TBAF, Fluka). 

Theoretical one electron redox potentials of 8VA free base were calculated by density 

functional theory (DFT) using Gaussian 03129. 8VA with H at C-9 was used instead of the 

nucleoside in order to reduce computational time. The structure of 8VA was first 

optimized in vacuo at the Hartree-Fock level of theory followed by B3LYP/6-311+G(d,p) 

functional/basis set. This basis set was used as to be consistent with our previously 

published work25. This optimized structure was used as the initial geometry for 

Polarizable continuum model (PCM)131,234-244  calculations in ACN (ε = 35.94)245 and 

DCM (ε = 8.93)129 using the PCM. The ground state minimum was verified through 

frequency calculations and no imaginary frequencies were observed. More details about 

these calculated potentials, including of the neutral, radical cation and anion energies in a 

PCM “solvent” can be found in Table 5-2.  

5.3.2 Results and Discussion 

5.3.2.1 Cyclic voltammetry of 8VA   

CV measurements were performed on 8VA in two aprotic organic electrolyte systems 

as described above. The CVs obtained are shown in Figure 5-2. The experimentally 

measured redox potentials measured are tabulated in Table 5-1 and shown in bold. o
OXE  

values were obtained from DCM and o
REDE  values measured in ACN are the result of 
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averages from 5 separate CV measurements and were used in subsequent calculations. 

All experimental redox values have an uncertainty of ±0.05 V.  

8VA showed poor solubility (< 100 μM) in all the typically used organic electrolyte 

systems. This resulted in very weak CV signals. In DCM, we could observe only the 

oxidation peak at 1.43 V whereas the reduction feature was seen only in ACN. These 

peaks showed electrochemical irreversibility consistent with those obtained for the native 

nucleic acids121 and other FBAs163,222. 

5.3.2.2 Theoretical calculation of ground state redox potentials 

In order to interpret the experimental results, the redox potentials of 8VA were 

calculated using DFT. The free energy changes for the formation of the neutral, radical 

cation and anion were computed based on the  method of  Datta et al 135 (See Table 5-2 ). 

The free energy of the neutral, cationic and anionic form of 8VA and the redox potential 

of 8VA was calculated according to the equations described before in section 2.1.3.6 

(Equations 2.27 through 2.31, page 43). 

The calculated potentials and experimental potentials are reported in Table 5-1. The 

computed oxidation potentials show a variation of ~ 150 mV with the change in solvent. 

Both the oxidation and reduction potentials calculated using DCM as a dielectric shifted 

to a higher energy compared to that in ACN.  ACN and DCM have very different 

dielectric constants varying by a factor of 4, so this difference is not surprising. 

8VA, which had one oxidation peak in DCM, gave an oxidation potential, 
O EXP
OXE , of 

1.43 V and a reduction peak  in ACN 
O Exp
REDE , of -2.14 V. This compares with the 

calculated oxidation potential, 
O C
OXE = 1.59 V (ε = 8.93) and 

O C
REDE = -2.14 V obtained in 
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ACN (ε = 36.7). The experimental and computed redox potentials are in reasonable 

agreement. 

When compared to the experimentally measured ground state redox potentials of 

2AP163, the oxidation potential is lower by 280 mV and the reduction potential is higher 

(more negative) by ~100 mV. The lower oxidation potential of 8VA in comparison to 

2AP is consistent with its higher electron density due to the extended conjugation at C-8 

position.   

5.3.2.3 Excited state redox potentials of the FBAs 

The excited-state oxidation and reduction potentials, *FBA
OXE ° and  *FBA

REDE ° , can be 

calculated from the ground state one electron oxidation and reduction potentials reported 

in Table 5-1 (
O EXP
OXE  and 

O EXP
REDE ) according to equations 2.25 and 2.26 described in 

section 2.1.3.4 (pages 41-42): 

E00 is the energy difference between the ground state and first excited electronic state 

obtained from the intersection of the normalized absorption and fluorescence emission 

spectra180 of 8VA in DCM or ACN for *FBA
OXE °  and *FBA

REDE °  respectively. It should be 

pointed out that the excited-state potentials are approximately 0.05 V larger if the 

aqueous E00 energy is used instead of the E00 obtained in the solvent used for the CV 

measurements. 8VA* gave an excited-state oxidation potential of -2.33 V in DCM. Its 

excited-state reduction potential is 1.62 V in ACN.(See Table 5-3). 

The 8 *VA
O XE
°

 is -2.33 V in DCM compared to -2.02 V for 2AP and 8 *VA
REDE ° of 8VA is 1.62 

V compared to 1.44 V for 2AP. This means that 2AP* can more readily donate an 
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electron compared to 8VA* however 8VA* is a better electron acceptor in the excited 

state compared to 2AP* 

5.3.2.4 Free energy of electron transfer ( ETGΔ ) for the quenching of 8VA* by 
NMPs 

The quenching of 8VA* by nucleic acid monophosphates via electron transfer can 

happen through two possible scenarios. 8VA* can reduce the ground state NMP 

(nucleobase reduction or NBR) or it can be reduced by the NMP (nucleobase oxidation or 

NBO). Which of these two processes happens depends on the free energy change. The 

free energy change for the electron transfer step ( ο
ETGΔ , ET = NBO or NBR) for both 

NBO and NBR can be calculated using the Rehm-Weller equations121-122 described in 

section 2.1.3.3 (Equations 2.20 and 2.21, page 39).  

A less polar solvent DCM (ε= 8.93) was used to measure the ground state oxidation 

potential of 8VA. However, the complete set of nucleobase (NB) redox potentials have 

been reported in ACN and DMF. Therefore an expression for shift in free energies as a 

function of solvent (the Born correction) is required. Only then can the calculated redox 

potentials be converted into redox potentials in aqueous solvent.   

Equations 2.23 through 2.25 (section 2.1.3.3, page 40) were used to calculate the Born-

correction. The radius of the donor (rD), acceptor (rA) and RDA (the center-to center donor 

acceptor distance) were 5.00 Å, 5.00 Å, and 7.00 Å respectively. The number of 

transferred electrons, n, equals 1.  q is an elementary charge and equals 1.6 ×10-19 

coulombs.  zD and zA are the charges of the donor and the acceptor respectively, prior to 

the electron-transfer process zD = 0,  zA = -1; and ε0 is the electric permittivity of vacuum.  

εD and εA are the dielectric constants of the solvents in which the redox potentials of the 
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donor and the acceptor, were measured. ε is the dielectric constant of the target solvent, 

for which ΔG°
ET is calculated. 

All the dielectric constants mentioned above are for pure solvents. It has been recently 

pointed out by Vulev et al123 that when for solvents of low dielectric, the value of 

dielectric constant of the neat solvent in the calculation of Born correction introduces a 

significant error when used in the Rehm-Weller equation for the estimate of free energies. 

They suggested that the dielectric constant of the electrolyte system (neat solvent + 

supporting electrolyte) should be used instead.  In this study the supporting electrolyte is 

0.1M TBAF and the low dielectric solvent is DCM. Since the dielectric constant of 0.1M 

TBAF in DCM has not been reported, the dielectric constant for 0.1M TBAFTFB 

(tetrabutylammonium tetrafluoroborate) in DCM has been used. This value has been 

reported to be 14.1123 instead of 8.93 for neat DCM. ΔG(ε) = -0.15 eV in the calculation 

of  NBRGοΔ , where *
8

OX
VAEο  was measured in DCM and RED

NBEο was measured in DMF. When 

NBOGοΔ  was calculated, both *
8

RED
VAEο  and OX

NBEο was measured in ACN, the ΔG(ε) = - 0.088 

eV. 

The calculated ETG°Δ  for NBO and NBR are listed in Table 5-4. There were two ETG°Δ

values calculated one based on the redox potentials of nucleobases reported by Seidel et 

al121 and the other reported by Crespo-Hernandez et al124. They are denoted with an S or 

CH. When the Seidel values were used, the oxidation potential of nucleobases measured 

in ACN and the reduction potentials measured in DMF were used. Crespo-Hernandez et 

al124 computed the reversible oxidation and reduction potentials measured in ACN and 

DMF.  
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All NBOG°Δ (S) values are positive except for GMP while the 
Ο

Δ NBRG (S) values are  

negative except for GMP. This predicts that G quenches 8VA* via NBO and A, C and dT 

quench through NBR. The order of quenching is as follows: dTNBR  > CNBR ≈GNBO > 

ANBR.  The ETG°Δ (CH) values convey a different trend: dTNBR > GNBO > CNBR≈ ANBO.  

Both of the orderings are in agreement that dT is the most efficient dynamic quencher. 

Both the Seidel and the CH ordering predict A as the poorest quencher. 

The ordering of quenching based on ETG°Δ (S) for 8VA (dT NBR > CNBR ~ GNBO > 

ANBR.) is different from 2AP (GNBO ~ dT NBR > CNBR > ANBX , X = NBO/NBR)163. The 

ordering of quenching based on ETG°Δ (CH) for 8VA is (dT NBR > GNBO > CNBR ≈ ANBO ) is 

also different from 2AP (GNBO ~ dT NBR > ANBO > CNBX , X = NBO/NBR)163. Some of the 

ETG°Δ  values calculated from the Rehm-Weller equation were positive both for 2AP and 

8VA. In spite of the positive ETG°Δ  values, the steady-state fluorescence quenching was 

observed for 2AP with all NMPs163. For 8VA such a fluorescence quenching study could 

not be done because of high NMP absorbance at high NMP concentrations at the 

excitation wavelength (> 290 nm)11. 

In an earlier report on the fluorescence emission of 8VA in free solution, ssDNA and 

dsDNA,  Gaied et al107 have shown that the fluorescence yield is significantly modulated 

depending the neighboring bases. They tested 8VA in the presence of 3 different ssDNA 

sequences with either T or A or C as the nearest neighbors on the 3’ and the 5’ ends. The 

order of fluorescence quantum yield was C > dT > A. It has to be mentioned that they did 

not measure the fluorescence quantum yield of 8VA with G as the nearest neighbors, due 

to high reactivity of G with 8VA.  
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It is interesting to note that in their work, when these 8VA sequences were annealed 

with their complementary strands, the sequences containing dT and A as nearest 

neighbors of 8VA showed very little quenching while that with C showed a significant 

quenching. The behavior exhibited with dT and A as nearest neighbors suggests that 

quenching is due to WC base pairing with its complementary dT and not the stacking 

interactions of A or T. However with C as the nearest base, the presence of G in the 

complementary strand increases the strength of hydrogen-bonding and hence the stability 

of the stack and higher electronic coupling with C which could result in higher 

quenching. 

Based on the above studies with 8VA in DNA sequences, it can be see that 8VA is 

quenched to varying extents with A, C and T as nearest neighbors. The free energy 

results ΔG°ET (S) from our work also shows that quenching will be spontaneous with all 

the four native nucleobases. ΔG°ET (CH) for A and C are positive. For PET to be 

spontaneous in these two cases, a minimal shift of -0.12 V would be necessary.  

 It has been shown by Seidel et. al that an additional free energy shift in aqueous 

solution ΔG°W is necessary to make the electron transfer spontaneous121. The shift for 

8VA is much lower than that needed for 2AP (-0.42 eV)163 and is the same as the shift 

calculated for PTER FBAs222. 

5.3.3 Conclusions 

Cyclic voltammetry (CV) measurements were performed on 8VA in aprotic organic 

solvents and the ground state oxidation and reduction potentials were determined for the 

first time. These ground state potentials were used to obtain excited state redox potentials 

which in turn were used in the Rehm-Weller equation to obtain free energies for PET. 
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The ETG°Δ  values based on the Seidel and Crespo-Hernandez NB potentials gave 

different ordering for possible fluorescence quenching through PET. Based on the ETG°Δ

values it is possible to assign a direction for PET, however it is not possible to conclude 

that PET is the predominant quenching mechanism. In spite of the limitations in this 

study, the ground state redox potential of 8VA reported here will be valuable in 

understanding the quenching mechanisms of 8VA in DNA/RNA strands. 
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Figure 5-2: CVs of 8VA in ACN/0.1M TBAF (top), and DCM/0.1M TBAF (bottom). 

A 100 mV/s scan rate was used for these scans. All scans were initiated in the negative 

scan direction. The arrows indicate the oxidation and reduction peaks used in the 

calculation of the excited-state redox potentials. A zoom in of the region of interest in the 

CV with and without 8VA is also shown. 
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Table 5-1: A comparison of 8VA experimental ( EXP
redoxEο ) and calculated ( C

redoxEο ) redox 

potentials. The experimental potentials used are highlighted in bold and indicate the 

majority species and used for further analysis. All of the potentials reported here are 

referenced to the NHE. ND refers to could not be determined. 

 

 
CAN DCM ACN DCM 

O EXP
OXE  

O C
OXE

O EXP
OXE

O C
OXE

O Exp
REDE

O C
REDE

O Exp
REDE  

O C
REDE

8VA ND 1.43 1.43 1.59 -2.11 -2.14 ND -2.31
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Table 5-2: One electron oxidation and reductions potentials of (free base) 8VA  

calculated at B3LYP/6-31++G (d,p) in ACN and DCM at 25°C. 

 

FBA Solvent Species 
EPCM 

kcal/mol 

ETHERMAL 

kcal/mol 

S 

cal/(mol 
K) 

OXE °  

V 

REDE °

 

V 

8VA 

CAN 

Neutral 
-341932.4560 95.167 97.944 

  

Cation radical 
-341799.1241 94.851 96.361 

1.43  

Anion radical 
-341981.6313 93.175 97.771 

 -2.14 

DCM 

Neutral 
-341929.8467 95.425 98.050 

  

Cation radical 
-341792.7623 95.161 96.408 

1.59  

Anion radical 
-341975.1948 93.370 97.817 

 -2.31 
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Table 5-3: Excited-state oxidation and reduction potentials of 8VA*. E00 is the energy 

(in eV) at the intersection of normalized absorption and the fluorescence emission spectra 

as measured in 0.1 M potassium phosphate buffer pH = 7.0, ACN, DMF or DCM. The 

excited-state potentials for 8 *O VA
OXE  and 8 *O VA

REDE are calculated using the E00 values for ACN 

and DMF respectively. 

FBAs 
E00  (eV) 

(buffer) 

E00  (eV) 

(DMF) 

E00  (eV) 

(ACN) 

E00  (eV) 

(DCM) 

*8VA
OX

O

E  

(eV) 

(DCM) 

*8VA
RED
O

E  

(eV) 

(ACN) 

8VA 3.69 3.63 3.73 3.76 -2.33 1.62 
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Table 5-4: Free energies of electron transfer ( ETGοΔ , in eV) calculated from the 

Rehm-Weller equation for the NBO ( NBOGοΔ ) and the NBR ( NBRGοΔ ) schemes. NBOGοΔ

(S) were calculated using NB
OXEο in ACN and 8 *VA

REDEο measured in ACN and NBRGοΔ (S) were 

calculated  with NB
REDEο in DMF and 0 8 *VA

OXE measured in DCM. When NBOGοΔ (CH) and 

NBRGοΔ  (CH) were calculated, the NB
OXEο and NB

REDEο  values were used as reported by CH 

and their values were same in both ACN and DMF. 8 *VA
OXEο  and 8 *VA

REDEο values in ACN and 

DCM respectively were used for the calculation of ETGοΔ  (CH). The errors in the 

measurements were (± 0.06 eV) 

 

 

 

 

 

 

 
 

 

FBA NB 
οΔ NBOG (S) οΔ NBRG (S) οΔ NBOG (CH) οΔ NBRG (CH) 

DACN-A*
ACN D*

DCM-ADMF DACN-A*ACN D*DCM-ADMF 

8VA* 

G -0.22 0.28 -0.05 0.52 

A 0.25 -0.03 0.12 0.23 

C 0.43 -0.25 0.25 0.08 

dT 0.40 -0.34 0.37 -0.16 
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6 CHAPTER 6: DOES ELECTRON TRANSFER OCCUR FROM 

THE ISOALLOXAZINE RING TO ADENINE OF FAD IN DNA 

PHOTOLYASE? - SOME PRELIMINARY EXPERIMENTAL 

RESULTS  
 

6.1 Abstract 

The reduced anionic form of flavin adenine dinucleotide (FADH¯), the key cofactor in 

the enzyme DNA photolyase, is critical for the repair of cyclobutylpyrimidine dimers 

(CPD) in UV-damaged DNA.  The initial step involves photoinduced electron 

transfer55,246 although it is not clear whether the electron transfer to the CPD is direct. 

One theory is that the electron from the isoalloxazine ring (flavin or Fl) is transferred to 

the adenine ring of FlH¯- Ade before arriving at the CPD5-10. To test this hypothesis, 

adenine modified-flavins were synthesized and successfully reconstituted into apo-

photolyase. The modified photolyase (εPL) showed about the same repair efficiency as 

the FAD-reconstituted photolyase (rPL). Given that the electron transfer step happens 

within 30-300 ps93-96, it is not surprising that differences in the repair efficiencies of these 

PLs could not be detected under the given experimental conditions. To explore the 

kinetics of the repair mechanism further substrate binding constants and the repair 

quantum yield have been measured. The binding constants for the formation of 

photolyase:CPD complex were obtained using a fluorescence assay based on emission 

enhancement of FBAs due to base flipping upon substrate binding. The repair quantum 

yield measurements were made using a single bright nanosecond flash. The 

photoproducts were analyzed by HPLC and the results are discussed. 
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6.2 Introduction 

It has been well established that DNA is damaged by UV light68 (See Scheme 1-4). The 

predominant form of DNA damage is the cyclobutyl pyrimidine dimers (CPD)44. This 

damage, if not repaired, could lead to blockage of transcription and translation and 

ultimately to cell death. Nature has provided repair pathways so that the cell can continue 

its normal activities. In humans nucleotide excision repair (NER) enzymes excise the 

damaged parts of the DNA to facilitate repair. In bacteria and archaea and some 

eukaryotes43, the damaged DNA is repaired by an enzyme called DNA photolyase33, a 

flavoprotein37. The CPD photolyases use blue light to convert the CPD to its natural 

DNA bases without excision. This kind of repair is called direct repair.  

Although humans do not possess photolyases, a homologous protein called 

cryptochrome44, also belonging to the flavoprotein class, appears to be involved in 

controlling circadian rhythms (day and night cycles).  Any understanding that we gain 

about photolyases, could be potentially useful in understanding the workings of 

cryptochromes.  

The CPD DNA photolyase (PL) used in this study is naturally found in E.coli but only 

in low copy numbers. However, in 1984 Sancar et al 38 successfully cloned and 

overexpressed this PL so that it can be prepared in sufficient concentrations for extensive 

characterization. E.coli-PL, contains two cofactors: the primary cofactor or the catalytic 

cofactor is flavin adenine dinucleotide (FAD) and the second cofactor is 

methenyltetrahydrofolate (MTHF). It has to be noted that depending on the source of PL 

gene (the organism from which it was taken) and the organism in which the enzyme is 

overexpressed, the second co-factor could be a MTHF48, FAD50, 8-HDF49 or FMN51.  
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FAD can exist primarily in three different oxidation states: the oxidized form (FAD, 

bright yellow), the neutral semiquonone or the radical form (FADH·, blue) and the 

reduced anionic form (FADH¯, pale yellow). It has been shown that the reduced anionic 

form of FAD (FADH-) is the ground state of the catalytically active form55. The second 

cofactor only acts as the light harvesting molecule and its absence does not affect the 

repair activity of the protein52-53. 

Certain steps in the CPD PL repair pathway are well established. When the CPD is 

bound to the PL, it flips out of the helix and is bound at an optimal distance to the FAD 

(~ 7Å) for efficient electron transfer. The repair of the CPD happens through 

photoinduced electron transfer from the isoalloxazine ring of the FAD to the CPD within 

ps (30-300 ps)93-96,98. Upon electron transfer from FADH¯, the formation of the 

semiquinone form of flavin (FADH•) has been observed using ultrafast spectroscopy.  

Once the repair of the CPD is complete the electron is recombined with FADH•.  The 

catalytic cycle appears to be complete within 2-4 ns98. 

Although the initial, final and some intermediate steps are known, there are still several 

unanswered questions about what path the electron takes in going from the reduced 

anionic FADH-* to the CPD. This work aims to answers this question.  

There have been several theoretical reports that have concluded that electron from the 

isoalloxazine ring of the FAD is localized on the adenine of the FAD before reaching the 

CPD. There have been no experimental reports in the literature to directly test this 

hypothesis.  If the adenine of the FAD were to play a role in electron transfer, 
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modifications to the adenine could change the repair rate and the rate constant of electron 

transfer kET. 

In this study we have synthesized and reconstituted a adenine modified FAD (Etheno-

FAD or ε-FAD) into apo-PL to make ε-FAD-PL or εPL and compared its repair activity 

to apo-PL reconstituted with FAD (rPL). We have also determined the CPD binding 

constants of the two reconstituted PLs using fluorescence spectroscopy. Single shot repair 

experiments were performed to compare the repair efficiency of the PLs under single 

turnover conditions 

These results suggest that under saturating light and substrate conditions, the FAD and 

rPL and εPL have nearly the same repair efficiency. The binding constants of the two 

photolyases are also about the same. However, the single-shot experiments appear to 

show that the rPL repairs more efficiently compared to εPL. The implications of these 

results are discussed in detail.  

6.3 Materials and methods 

6.3.1 Overexpression and purification of photolyase 

E.coli DNA photolyase was overexpressed using the MSO938 cell system which 

contains the phrB gene. Purification was accomplished using a modified protocol first 

reported by Gindt et al39. The details of the protocol are discussed in the Materials and 

Methods section 2.2.3.1 and 2.2.3.2 (pages 47 - 49). Briefly MSO9 cells were grown in a 

LB or TB medium until they reached an OD of 0.6-0.8 at which point they were induced 

using IPTG (2 mM in the medium). The cells were allowed to grow for 4-6 hours after 

induction and were harvested, homogenized in lysis buffer and stored at -80°C until 

further use. 
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The harvested cells were lysed by incubation with lysozyme/ DNase/RNase /Lysozyme 

followed by ultrasonication. The lysed cells were centrifuged and the cell debris were 

discarded. PL in the supernatant  was precipitated by the addition of ammonium sulfate to 

65% saturation. The ammonium sulfate pellet was recovered by centrifugation and stored 

at -20 °C until needed. The pellet was dissolved in binding buffer and desalted using 

several ECONOPAC-10DG size exclusion desalting columns (BioRad) and loaded onto a 

blue sepharose column for purification. The column was rinsed with loading buffer until 

the A280 reached a minimum, at which point the protein was eluted using a high salt 

buffer (2M KCl). This purified blue protein showed a clear semiquinone flavin 

absorption at 400-680 nm and MTHF absorption at 370 nm. This blue sepharose column-

purified E.coli photolyase was further purified on a heparin column to -90% purity as 

estimated by SDS- PAGE. 

6.3.2 Preparation of apophotolyase 

Apophotolyase was prepared from holophotolyase using a protocol by Jorns et al143 

and as described in detail in section 2.2.3.3 (page.50)  The heparin-purified photolyase in 

buffer B was buffer exchanged into buffer Apo-A (pH=7.0) and loaded on a pre-

equilibrated phenyl sepharose column. This was followed by a rinse with buffer Apo-B 

(pH 3.5) until all the chromophores were removed as judged by absorption spectroscopy 

on the column fractions.  Once all of the chromophores were removed, the column was 

reequilibrated in Apo-A (pH= 7.0), which allows the protein to refold to its “native” 

conformation.  Finally the apoprotein was eluted from the column using buffer Apo-C 

(50% ethylene glycol, pH 7.0). 
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6.3.3 Reconstitution of apo-photolyase with native and modified FADs 

Two different flavins were used in the reconstitution of apophotolyase. One was FAD 

and the other was an adenine-modified ε-FAD (see Figure 2-2, page 56).  FAD was 

purchased from MP Biomedical whereas ε-FAD had to be synthesized based on a 

protocol by Barrio et al136-139. ε-FAD reaction mixture by C18 HPLC and characterized 

by NMR, UV/VIS, fluorescence and a phosphodiesterase assay as described in pages 45-

47.  

The reconstitution of the FAD and ε-FAD were done according the protocol by Jorns 

et. al146.  The details of the procedure are described in section 2.2.3.4 (page 51). 7 μM of 

apophotolyase in buffer Apo-C was slowly stirred with ~ 200 μM of the appropriate 

flavin and incubated at 4°C for 24 hours. The reaction mixture was buffer exchanged into 

Apo-A and purified on a phenyl sepharose column.  

6.3.4 Preparation of thymidine dimer substrate 

A 5-mer sequence with all dTs and a 11-mer sequence (5’GCAAGTTGGAG-3’) (both 

purchased from IDT DNA, HPLC purified) were used to prepare the thymidine dimer 

substrate by irradiation with UV light.The protocol of Banerjee et. al149 was used for 

preparation of CPD from the 5-mer. The 11-mer oligo was made using the protocols of 

Kemmink et al150, Mu et. al152 and Nakayama et. al151. The details of the substrate 

preparation and HPLC purification are described under section 2.2.4 (page 52-53). 

6.3.5 Preparation of fluorescently labeled double stranded 11-mer substrate: 

The 11-mer duplex was prepared by annealing the 11-mer strand containing a 

thymidine dimer with the complementary sequence designated ‘3-2Ap’ (5’-



158 
 

 

CTCCAACTTGC-3’, where A denotes 2-aminopurine). The 11-mer and the 3’-2Ap 

strands were mixed in a 1.4 : 1 mole ratio21 in a total volume of 50 μL. The sample was 

heated in a ~80 °C water bath for 10 min and allowed to cool to room temperature on the 

laboratory bench for at least 60 minutes. 

6.3.6 Determination of the substrate binding constant using steady-state 
fluorescence spectroscopy 

Fluorescence enhancement of 2AP due to base flipping15,20-22 has been used to measure 

the binding constant of this substrate. Steady-state fluorescence emission was measured 

at 15°C using a Horiba Jobin Yvon Fluoromax-2 fluorimeter. The excitation wavelength 

was fixed at 317 nm and the emission was measured from 335-601 nm. The excitation 

band pass was 8 nm and the emission band pass was 12 nm.  The fluorescence was 

collected with a 2 nm step size and an integration time of 0.5 seconds per point. Samples 

consisted of 250 nM dsDNA with varying concentrations (50 nM – 2 μM) of the 

reconstituted photolyases. 

6.3.7 Single shot repair assay 

A single high energy (1-10 mJ) 10 ns pulse (from a frequency tripled Nd:YAG laser 

355 nm) was used to irradiate a 2 mm path length quartz cuvette containing 300 μL of 

photoreduced photolyase (300 nM) and 11-mer CPD (3 μM). Following this single shot 

the amount of repair was quantified using HPLC to obtain the amounts of unrepaired and 

repaired substrate. This approach has the advantage of providing an evaluation of the 

repair quantum yield under conditions in which the enzyme is fully loaded with substrate. 

For the different reconstituted PLs, this affords a direct comparison of the efficiency of 

the repair mechanism. 
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6.4 Results 

6.4.1 Reconstitution of apo-photolyase with FAD and ε-FAD 

Both FAD AND ε-FAD (See Figure 2-2) were reconstituted successfully into apo-

photolyase.  The spectra of the reconstituted photolyases are shown in Figure 6-1. The 

concentrations of rPL and ε-PL were estimated using ε450= 11200 M-1cm-1 for both 

flavins (9.9 μM and 4.5 μM respectively). It was observed that the overall the yield of 

rPL was 50%. ε-FAD does not reconstitute as efficiently as the natural FAD cofactor and 

the efficiency was between 20-25%.  FAD reconstituted apo-PL with approximately 2-

fold greater efficiency compared to εFAD. 

The A280/A450 ratios were 16:1 (75 % pure) for rPL and 36:1 for ε-PL (33 % pure). The 

absorption spectrum of FAD in buffer is also included for a comparison. The rPL spectra 

is very similar to that previously reported 145-146,148.  

6.4.2 Repair assay 

The repair activity of the PLs were assayed. This was done by irradiating the reaction 

mixture containing photoreduced PLs and a 5-mer substrate containing 1 CPD (1:40 mole 

ratio PL:CPD) with 365 nm irradiation from a 4 W Spectroline hand lamp. The repair 

results in an increase in absorbance at 266 nm. This increase in A266 is due to the 

breaking of C5-C5’ and C6-C6’ bonds in the CPD leading to the restoration of double 

bonds in the thymines (See Scheme 1-5, page 29)44. The recovery of A266 normalized for 

the initial concentration of substrate plotted vs. irradiation time has been shown in Figure 

6-2. About 50% of the total substrate was repaired in these experiments. This is 

consistent with what has been reported for substrates consisting of 4-6 nucleotides 247. 
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The change in absorption, ΔA (A(t) – A(t = 0)), was converted to ΔC = ΔA/Δε265.C.L, 

where (265) (265) (265)
TT T Tε ε ε <>Δ = −  based on the extinction coefficients from the report by Johns 

et al248. The extinction coefficient of the undamaged T-T was εTT= 18,500 M-1cm-1 and 

that of the dimer cpd was εT<>T= 86 M-1cm-1. The change in concentration of the repaired 

substrate with irradiation time is given in Figure 6-2b for both rPL and εPL. The initial 

rate of repair (t ≤ 10 min) is about the same for both RPLs.  The repair data for both RPL 

and that for the εPL are derived from an average of 3 experiments. Considering the 

standard error bars for the ε-FAD RPL assay, it appears that ε-PLs repairs to a higher 

extent than the rPL. 

6.4.3 Binding constant determination 

Since the adenine is in Van der waals contact with the substrate, it is important to 

compare the binding constants between the two RPLs in order to find out if the 

modification to the adenine affected the binding between PL and the susbtrate. 

Yang and Stanley15,21 showed that the fluorescence change of a 2-aminopurine base 

complementary to CPD could be used to assay for binding. We have used this approach 

as a way to determine the binding constant of the RPLs. A dsDNA was made by 

annealing the 1l-mer sequence containing 2Ap, (5’-CTCCAACTTGC-3’, where A 

denotes 2AP, called 3’-2Ap) to a complementary strand containing the thymidine dimer 

(5’GCAAGT< >TGGAG-3’).  Once bound to PL, the thymidine dimer flips out of the 

double helix9 affording an increase in the fluorescence quantum yield of the 2AP 

complementary to it15,21. When this 2AP is excited, its fluorescence shows an 

enhancement relative to the base-stacked state. 
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Figures 6-4 a-b show plots of observed fluorescence emission intensity and the 

integrated fluorescence intensity fobs due to base flipping of a fixed concentration (250 

nM) of a dsDNA described above against varying concentrations of rPL and εPL. The 

plot shown is typical of fluorescence based ligand binding assays249. The data points were 

fitted (black line).to a simple Michaelis – Menten like hyperbolic function250: 

 1

2

P XY
P X

=
+

 (6.1)

where P1 is the amplitude of the curve and P2 = KD, the dissociation constant for the 

enzyme-substrate complex. The association constant KA is obtained from 1/KD. The KA 

for rPL and εPL based on the above fitting procedure are (6.21 ± 2.91) × 106 M-1 and 

(8.00 ± 1.55) × 106 M-1 respectively. 

6.4.4 Single shot experiments 

A single pulse (1-10 mJ, 355 nm) from a frequency tripled Nd:YAG laser was used to 

initiate repair in a reaction mixture containing a thymidine dimer substrate in which PL 

was present as the limiting reagent. This ensures that all of the PL will be complexed 

with substrate. The quantum efficiency of repair was tested by the application of a single 

laser pulse. The concentration of PL was 300 nM and the concentration of the single 

stranded 11-mer substrate (5’-GCAAG-T<>TGGAG-3’) was 3 μM in a reaction volume 

of 300 μL in buffer T.  After the single shot, the reaction mixture was analyzed for the 

recovery of the parent peak using reverse phase HPLC on a C18 column. Figure 6-5 

shows the recovery of parent peak after application of a single 355 nm pulse. The 

chromatogram in blue is a control run of 300 nM 11-mer parent (undamaged DNA), the 

chromatogram in black and red represents the parent recovery in the presence of rPL and 
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εPL respectively. Calculation of repair yields gave 22% for the εPL and 33 % for the rPL. 

The implications of these yields are discussed in detail below. 

6.5 Discussion 

6.5.1 Reconstitution of flavins in apophotolyase and repair assay studies 

Apo-photolyase was successfully reconstituted with FAD and ε-FAD. When 

reconstituted only the oxidized form of the photolyase is obtained (See Figure 6-1). The 

reconstituted spectra show very similar vibronic features in the 370 nm and 450 nm band 

as the rPL spectra that have been previously reported 145,148,251. The extinction coefficient 

of the 370 nm band and the 450 nm band in rPL were reversed compared to that in free 

flavin (See Figure 6-1) and has been observed before147. The FAD in E.coli photolyase 

bridges α-helical domains I and II. The amino acids 234-288 in α-helix I provide for the 

6 out of the 8 interactions with the diphosphate group and other interactions are between 

the α-helix II with the riboflavin moiety6. Since ε-FAD is tightly bound as shown by its 

clear vibronic structure, appears that it is held tightly through similar interactions with α-

helix I and II inside the protein active site.  The yield of reconstitution with FAD was 

50% while that with ε-FAD was (20-25%). 

One key structural property of ε-ade is that depending on the pH, the N attached to the 

C-6 could be protonated and hence the ε-ade moiety can carry a positive charge. Since 

the pKa of the N-H bond at that position is 3.9 137,252-253 and the pH of the working 

solution is 7.0, the ε-ade moiety will be neutral just like that adenine in FAD. 

Figure 6-3 shows a picture of ε-FAD in its minimum energy conformation docked (red) 

on the template FAD in the active site of DNA photolyase (done using Trial version of 
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Molegro, a docking software from Molegro Bioinformatics solution, Aarhus, Denmark, 

http://www.molegro.com). Also shown are the thymidine dimer and the tryptophans 

within 15 Å of the FAD. It can be clearly seen that the ε-FAD fits in the active site pretty 

well except for a small deviation from the isoalloxazine ring and the adenine ring. It is 

interesting to note that the position of ε-adenine is closer to the isoalloxazine ring than 

the adenine in FAD. Spatially speaking, the addition of the ethenyl bridge in ε-FAD does 

not take more space than occupied by the adenine in FAD. This excellent overlap 

between the FAD and the ε-FAD could be why reconstitution with ε-FAD was 

successful. The lower reconstitution yields suggests possible role of steric hinderance in 

the reconstitution of ε-FAD. 

Both PLs repaired thymidine dimer substrate as shown in Figure 6-2. At early time (t ≤ 

10 min) similar repair rates were obtained. However beyond t = 10 min, εPL repairs CPD 

at a higher rate. Not much can be made about this difference due to the error bars in the 

data. The results from reconstitution and repair assay experiments have been reported 

earlier by Moravcevic and Stanley254. 

6.5.2 Binding constant measurements 

The binding constant (KA) for the formation of PL:CPD complex was calculated from  

a hyperbolic fit to the data obtained from an assay based on fluorescence enhancement 

due to CPD base flipping15,21.The KA for rPL was (6.21 ± 2.91) × 106 M-1. Using a gel-

shift assay Sancar et. al reported, the KA = 2.6. × 108 M-1 for “wild-type” photolyase 

(semiquinone form) with a 43-mer containing single T< >T. 83  KA = 3.6 × 108 M-1 for 

rPL with a 48-mer with a single T< >T 147. Sancar et. al reported KA = (5.7 ± 1.7) × 107 
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M-1  for wild-type PL (semiquinone form) bound to UV-damaged pBr322 plasmid in a 

buffer solution with an ionic strength of 125 mM  255. More recently Gindt.et al used 

isothermal titration calorimetry (ITC) and measured the KA for the wild-type photolyase 

and oxidized photolyase to be (1.45 ±0.05) × 105 M-1 and (1.11 ±0.07) × 105 M-1 with 

UV-damaged ss-dT10 respectively256. It has to be mentioned that the concentration of PL 

and CPD used by Sancar et. al was in the nM range while that of Gindt et. al was in the 

μM (PL) to mM (CPD) range.  

It is clear that the value for KA reported in this work falls in between the values reported 

by Sancar et al and Gindt et al. Higher KA values reported by Sancar et al, can be 

attributed to tighter binding associated with longer substrate247. It is not clear why the 

higher PL and substrate concentrations used by Gindt. et al would afford a KA value that 

is lower by a ~3 orders magnitude compared to values reported by Sancar et. al. Given 

range of values reported for KA, the values reported in this work are reasonable for 

substrate binding.  

The KA for εPL to the best of our knowledge has been reported for the first time (8.00 ± 

1.55) × 106 M-1). It appears that εPL binds to about the same extent as the rPL. Thus, 

substitution for Ade in FAD seems to have no effect on the binding of the substrate. An 

examination of the crystal structure rationalizes the results. The bridging etheno group 

would occupy a void space just above the CPD. Though it would probably be within Van 

der Waals contact with the C-5 methyl of one of the CPD thymines. This may enhance 

the binding through hydrophobic interactions, offsetting any steric clashes resulting from 

the extended ethenyl group. 
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6.5.3 Single shot repair 

Both PLs showed repair. Figure 6-4 shows the recovery of repaired 11-mer. A repair of 

22 % and 33 % was obtained for εPL and rPL respectively. This result would mean that 

the modification to the adenine made a difference to the repair rate and therefore 

implicating adenine in the electron acceptor pathway. However when an estimate was 

done to check for the maximum amount of repair expected with the given pulse energy 

and the concentration of PL, the maximum repair was 10%. We are currently searching 

for artifacts that could inflate the experimental results Any extraneous light could have 

caused this higher repair. These experiments need to be repeated. 

6.5.4 Role of adenine in FAD of DNA photolyase 

It has been proposed based on crystal structure data6,9, experimental10 and theoretical 

calculations that adenine5,7-8 in the FAD of DNA photolyase could potentially act as the 

initial electron acceptor in the repair pathway6,9. The repair assay results and the single 

shot experiment results in this work are inconclusive about the role of adenine of FAD in 

DNA photolyase as the intial electron acceptor. Once the single shot experiments are 

repeated more carefully, it could shed light on the answer to this question. In addition, 

ultrafast measurements of PET rate constants for the εPL vs. rPL will provide a cleaner 

appraisal of the role of adenine in PL DNA repair. 

6.6 Conclusions 

The main aim of this work was to provide a method for studying the role of 

adenine in the FAD of DNA photolyase. Towards this end, flavin with modification on 

the adenine ring (ε-FAD) was synthesized and reconstituted successfully into 

apophotolyase. The RPLs (FAD and ε-FAD) both repair thymidine dimers in the 
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prescence of blue light at about the same efficiency under steady-state conditions. 

Binding efficiencies of the RPLs to the substrate were found to be about the same. Single 

shot repair assay experiments showed excessive repair and hence has to be repeated 

before ascertaining the role of FAD in DNA photolyase. 
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Figure 6-1: Absorption spectrum of FAD (rPL) and ε-FAD (εPL) reconstituted 

photolyase. The flavin vibronic features are clearly seen in the 450 nm band. 

  



168 
 

 

250 300 350 400
-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

A
bs

or
ba

nc
e

Wavelength,nm

 0 min
 5 min
 10 min
 15 min
 20 min
 25 min
 30 min
 35 min
 40 min
 45 min
 60 min
 

rPL ASSAY

300 400
-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

A
bs

or
ba

nc
e

Wavelength,nm

 0 min
 5 min
 10 min
 15 min
 20 min
 25 min
 30 min
 35 min
 40 min
 45 min
 60 min

εPL Assay

 

a) Absorption spectra showing repair of CPD in the presence of rPL (left) 
and εPL(right) 
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b) A plot of change in concentration of repaired parent DNA (ΔC) with 
irradiation time. 
 

Figure 6-2: Repair assay of RPL and εPL with a 5-mer substrate containing one 

T<>T.  The concentration of PL was fixed at 500 nM and the substrate concentration was 

10 μM.  a) Absorption spectra showing repair of CPD in the presence of rPL (left) and 

εPL(right). b) A plot of change in concentration of repaired parent DNA (ΔC) with 

irradiation time. It appears that the initial repair rate (t ≤ 10 min) for both the PLs are 

about the same.  
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Figure 6-4: Plot of fluorescence emission intensity (top) at various concentration of  

rPL (a) and εPL (b).  The data shows an increase in fluorescence of 2AP reporter base 

due to base flipping of the CPD in the presence of increasing concentrations of PL. 
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Figure 6-4B: Plots of integrated fluorescence intensity (Iobs) against [PL]:rpl (closed 

box), εPL (open circles).  The binding constant of rPL (KA for rPL was (6.21 ± 2.91) × 

106 M-1 and that for εPL was (8.00 ± 1.55) × 106 M-1) was obtained from a fit (rpl shown 

in black and εPL shown in red) to the plot of integrated intensity Iobs vs. [PL] 
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Figure 6-5: HPLC chromatograms showing the recovery of the 11-mer parent peak 

after CPD repair in the presence of rPL (black line), εPL (red line) in a single shot 

experiment. The blue line represents the 300 nM 11-mer parent control. 
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