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ABSTRACT 

 

Many enzymes require cofactors in order to carry out specific functions. Flavins, 

which are naturally fluorescent, compose a unique group of redox cofactors because they 

have the ability to transfer one or two electrons and are therefore found in three different 

oxidation states. A specific flavin, flavin adenine dinucleotide (FAD), is a crucial 

cofactor that facilitates electron transfer in many flavoproteins involved in DNA repair, 

photosynthesis, and regulatory pathways.  

One example of a FAD-containing DNA repair protein is DNA Photolyase (PL).   

E. coli PL is a monomeric flavoprotein that facilitates DNA repair via a photoinduced 

electron transfer reaction. The catalytic cofactor, FAD, transfers an electron to a 

thymidine dimer lesion,  to cleave the cyclobutane ring and restore the DNA strand. 

Although the mechanism of repair has been partially elucidated by our group, it is still 

unclear whether or not the electron is transferred directly from the isoalloxazine moiety 

to the dimer or if the electron hops from the isoalloxazine moiety to the adenine moiety to 

the dimer. This sequential hopping mechanism should have excited state absorption 

features for the reduced flavin species, an adenine radical anion, and the semiquinone 

flavin species. To investigate the mechanistic role of adenine, E. coli PL has been 

reconstituted with -FAD, an FAD analogue in which the adenine was substituted via 

chemical means with 1,N6 – ethenoadenine dinucleotide. -FAD was selected due to its 

ease of synthesis and because its structure changes the thermodynamic driving force for 

the electron transfer reaction, by lowering the energetic gap (LUMO-LUMO) between 

the isoalloxazine ring and the modified adenine. In order to characterize the excited state 
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dynamics of the mutant chromophore, the transient absorption measurements were made 

of each free flavin in solution. These measurements indicate the pathway of electron 

transfer must be mediated via superexchange rather than a hopping mechanism. This 

important result shows that the role of adenine in photolyase is to facilitate a 

superexchange electron transfer mechanism, and a modified flavin can act as a reporter 

under these experimental conditions.  

By exploiting Corynebacterium ammoniagenes FAD synthetase adenylation 

promiscuity, we have enzymatically-synthesized and purified a novel dually fluorescent 

flavin cofactor. This new flavin adenine dinucleotide (FAD) analogue, flavin 2-

aminopurine (2Ap) dinucleotide (F2ApD), can be selectively excited through the 2Ap 

moiety at 310 nm, a wavelength at which flavins have intrinsically low extinction. The 

dinucleotide 2Ap emits at 370 nm with high efficiency. This emission has excellent 

overlap with the absorption spectra of both oxidized and reduced hydroquinone flavin 

(FlOX and FlHQ respectively), which emit at ~525 and ~505 nm respectively. We have 

characterized the optical properties of this dually fluorescent flavin, iFAD. Steady state 

fluorescence excitation and emission spectra were obtained and contrasted with the other 

flavins. Temperature- and solvent-dependent emission spectra suggest that F2ApD 

stacking interactions are significantly different compared to FAD and etheno-FAD 

(FAD). The optical absorption spectra of these dinucleotides were compared with FMN 

to explore electronic interactions between the flavin and nucleobase moieties. To probe 

the evolution of the different excited state populations, femtosecond transient absorption 

measurements were made on the iFADs, revealing that F2ApD exhibited unique transient 
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spectra as compared to either FAD or FAD. The significance of these results to flavins, 

flavoprotein function, and bioimaging are discussed.  

The reconstituted -FAD in E.coli photolyase was catalytically active and actually 

repaired more efficiently than the FAD-reconstituted photolyase. To validate that an 

enzymatically synthesized iFAD could be reconstituted into a flavoprotein, this work 

shows a DNA repair assay using F2ApD that was reconstituted into E. coli photolyase, 

generating the reconstituted analogue, ApPL. Activity assays were compared between 

FAD-PL and ApPL. This comparison further elucidates the importance of the driving 

force on the electron transfer reaction in PL. A comparison of fluorescence 

spectroscopies between the reconstituted PLs highlights their applicability as biosensors 

and/or mechanistic reporters. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

 Enzymes are folded chains of amino acids that perform biological catalysis. Some 

of these polypeptides accomplish this task using nothing more than salts, water, and their 

particular active fold. A wide class of enzymes, however, utilize accessory molecules 

known as cofactors or coenzymes to carry out specific functions. Flavins, vitamin B2 

derivatives which are naturally fluorescent, compose a unique group of redox cofactors 

because they have the ability to transfer one or two electrons and are therefore found in 

three different oxidation states. A specific flavin derivative, flavin adenine dinucleotide 

(FAD), is a crucial cofactor that facilitates electron transfer in many flavoproteins1. These 

flavoproteins are involved in metabolic and biosynthetic processes, photosynthesis, 

regulatory signaling pathways, and DNA repair. One specific DNA repair enzyme is 

E.coli DNA photolyase. E.coli DNA photolyase is a monomeric flavoprotein that 

facilitates DNA repair via a photoinduced electron transfer reaction. The catalytic 

cofactor, FAD, transfers an electron to the cyclobutylpyrimidine dimer (CPD), the site of 

ultraviolet light-induced damage, to cleave the lesion and restore the DNA strand2. 

Although the mechanism of repair has been elucidated by our group, it is still unclear 

whether or not the electron is transferred directly from the isoalloxazine moiety to the 

dimer or if the electron hops from the isoalloxazine moiety to the adenine moiety to the 

dimer3–5. This sequential hopping mechanism should have excited state absorption 

features for the reduced flavin species, an adenine radical anion, and the semiquinone 

flavin species. This dissertation addresses the role of adenine in the electron transfer 
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mechanism by using a dually fluorescen-t modified adenine 1,N6 – ethenoadenine 

dinucleotide (εFAD). This dually fluorescent FAD was selected because its structure 

changes the thermodynamic driving force for the electron transfer reaction, by lowering 

the energetic gap (LUMO-LUMO) between the isoalloxazine ring and the modified 

adenine. Since both the adenine and flavin are capable of fluorescent emission, these 

FAD analogs could act as fluorescent reporters on a wide variety of enzymatic reactions, 

include metabolic processes. For this reason we have coined the term “iFAD” with the 

goal that after we have characterized the photophysical properties of the analogs we will 

use them to image metabolism in real time in living cells.  

 As part of this goal we present the characterization of the excited state dynamics 

of the chromophore before complicating the system by adding protein. Transient 

absorption measurements were made of the chemically synthesized flavin in solution and 

compared to FAD in the oxidized and reduced oxidation states. 

 The E.coli DNA photolyase/εFAD system proves that iFADS have unique 

photophysical properties giving insight to photoinduced electron transfer mechanisms. 

After characterizing the oxidized and reduced excited states of εFAD, there was 

motivation to expand the library of iFADS with different fluorescent adenine analogues. 

A library of iFADS could be used for bioimaging, drug therapeutics, and mechanistic 

reconstitution studies. This dissertation validates that iFADS may be generated 

enzymatically. FAD synthetase (FADS) is a ubiquitous enzyme responsible for the 

production of flavin adenine dinucleotide via an adenylation reaction of flavin 

mononucleotide (FMN) from adenosine triphosphate (ATP). In Corynebacterium 

ammoniagenes, CaFADS is bifunctional, also producing FMN via the phosphorylation of 
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riboflavin6–9 with ATP. It has been shown that CaFADS will not accept any other 

triphosphate nucleosides (i.e. GTP, CTP), but here we demonstrate that CaFADS will 

accept the fluorescent base analogue aminopurine-2'-riboside-5'-triphosphate (2ApTP) for 

the production of F2ApD, a dually fluorescent flavin analogue.  

 The implications of adenylation active site promiscuity points towards potential 

drug targets and therapeutic design. Therefore, we overexpressed and purified human 

isoform-2 FAD synthetase (hFADS2) to compare CaFADS nucleotide promiscuity in a 

mammalian adenyl transferase active sites. Human FAD (hFADS) synthetases are 

monofunctional and perform the only adenylation reaction10,11. We discovered that 

hFADS2 did not display the same promiscuous behavior as CaFADS. The turnover of 

2ApTP with FMN did not yield F2ApD and, in fact, 2ApTP appears to be a competitive 

inhibitor of hFADS. This surprising result highlights the divergent evolution of adenyl 

transferase sites. It is extremely promising for drug design because of the specific 

selectivity for native substrates in the human enzyme as compared to the bacterial 

enzyme. The structural differences leading to this change in activity are discussed.   

 F2ApD was isolated and purified from a large scale bacterial enzymatic reaction 

to afford characterization of the iFAD. Spectroscopic tools such as steady-state 

fluorescence and ultrafast time-resolved transient absorption were utilized. F2ApD 

exhibits a long excited state lifetime compared to FAD, suggesting that it has the 

potential to be a bright reporter of FAD-dependent protein activity. The chromophore is 

significantly more emissive than FAD, making it an attractive single molecule imaging 

candidate. These results are compared to εFAD, FAD, and their unadenylated precursor 

FMN.  
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 In order to support the idea that the new enzymatically synthesized iFAD could be 

used as a modified flavin cofactor in flavoproteins, F2ApD was reconstituted in E.coli 

DNA photolyase. The reconstitution was deemed successful by UV-vis absorption 

spectroscopy and affinity chromatography. DNA repair activity of F2ApD-reconstituted 

photolyase, ApPL, was examined. The last component of this dissertation shows the 

successful steady-state turnover kinetics of ApPL CPD repair.  

 

1.2 Flavins  

Organic compounds containing 7,8-dimethylisoalloxazine are classified as 

flavins. This tricyclic heterocycle is comprised of fused xylene, pyrazine, and pyrimidine 

rings. This class of chromophore can be found in all domains of life and they are 

responsible for many biochemical reactions when incorporated into proteins as 

coenzymes or cofactors12. Unlike nicotinamide, which is a 2e- redox coenzyme, flavins 

are unique in that they can undergo both one and two electron transfer reactions. The 

oxidation states and structures of flavins are included for reference in Figure 1.1. Flavins 

as cofactors are prominent mediators of biosensing and signaling pathways such as 

phototropism and nitrogen fixation13. Flavin containing proteins, flavoproteins, are also 

participants in metabolic redox reactions in the mitochondria and can repair DNA in 

bacteria1,14,15. Although many of the reactions that flavins help facilitate are electron 

transfer mediated, approximately 10% of flavoproteins do not catalyze redox reactions.  

Vitamin B2, riboflavin, does not act as a cofactor in any enzyme, although it has 

been shown to be the preferred form of cofactor storage (riboflavin-binding protein in 
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chicken eggs and dodecin in archaeons)16. In bacteria, riboflavin can be synthesized de 

novo while mammals must rely on dietary uptake of riboflavin. 17,18. Riboflavin is a 

precursor to the prevalent flavin cofactor flavin mononucleotide which is synthesized in 

an ATP-dependent reaction in bacteria. Flavin mononucleotide can be adenylated using 

ATP and FAD synthetase to form the abundant flavin adenine dinucleotide cofactor, 

discussed in detail in section 1.26,7,9,10. Macheroux et al identified 374 flavin-dependent 

proteins, the majority of which (75%) utilize flavin adenine dinucleotide over flavin 

mononucleotide (25%) ( see Figure 1.2 for cofactor structure). The adenine moiety is of 

significant importance in the noncovalent binding and stabilization of FAD in a protein, 

but an enzymatic role of the adenine has not been established. Several studies incorporate 

flavin analogues into flavoproteins, such as E.coli DNA photolyase (EcPL) and FAD 

synthetase with the motivation to understand the mechanisms at hand and identify 

potential drug targets for "flavin intensive" pathogens16,19. These studies show that the 

reconstituted proteins maintain overall activity and the modified flavins gave insight to 

the excited state character of the cofactor20–23. The work presented in this dissertation 

shows successful incorporation of adenine analogues of FAD into EcPL and discusses the 

implications that modifications to the adenine moiety have on the excited state of the 

flavin and the overall activity of the reconstituted enzyme.  

1.3 Excited State Characterization of Flavins in Simple Solvents 

Flavin mononucleotide in solution has been well characterized in all three 

oxidation states. The reported quantum yield for fluorescence is f=0.27 in the oxidized 

state24,25. This value is more than ten times higher than that of the FAD fluorescence 
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quantum yield. The ultrafast excited state dynamics for FMN are long lived as compared 

to FAD, which complements the steady-state fluorescence quantum yields25–28. 

The quenching mechanism is attributed to the photoinduced electron transfer, 

PET, between the adenine moiety and the isoalloxazine ring. In aqueous solution 80% of 

the FAD population is in the stacked conformation and 20% of the population is in an 

unstacked conformation29,30. The stacked population is assumed to be quenched due to 

PET24,28.  In spite of decades of work, definitive evidence for this quenching mechanism 

(e.g. observation of radical ions) has not been presented.  

Like FAD, the oxidized spectra of εFAD, the structure of which can be seen in 

Figure 1.3, exhibits excited state energy transfer and quenching. In this case energy 

transfer between the ethenoadenine moiety and the isoalloxazine ring is readily observed 

as confirmed by Barrio et al  in which both Ade and flavin emissions were enhanced by 

the addition of phosphodiesterase, resulting in  phosphodiester bond cleavage and release 

of the ethenoadenine 29. This useful modified oxidized cofactor has been used to replace 

FADOX in several flavoproteins31,32.  

The excited state quenching mechanism of reduced FADH- is not as well studied. 

There is no spectral evidence in the literature that clearly identifies a PET quenching 

mechanism for the reduced FAD. No radicals have been observed after excitation of the 

flavohydroquinone or its anion. However computational modeling supports the 

hypothesis that the adenine moiety mediates excited state catalytic electron transfer 

processes in the protein EcPL3,12,26,27,33–40. While all experimental data seems to support 

two state sequential decay kinetics with a picosecond(s) lifetime and a longer lived (ns) 

component for *FADH- in solution, data on the charge redistribution of reduced FADH- 
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in the excited state raises questions about previous experimenters fitting parameters and 

calculations performed4,12,26,27,39,41,42. The electron density is localized on the xylene ring 

in the excited state43,44. Previous computational analysis performed distance calculations 

from the N10 position to the adenine ring45. Electron transfer is exponentially dependent 

on distance so this error is detrimental to the conclusions made about adenine's role in 

electron transfer46,47. This dissertation addresses the excited state dynamics of both 

FADH- and εFADH- in solution with implications on the role of adenine in DNA 

photolyase.  

1.4 Biosynthesis of Flavin Adenine Dinucleotide in Bacteria 

FAD synthetase (FADS) is a ubiquitous enzyme responsible for the production of 

the essential cofactor flavin adenine dinucleotide (FAD) via an adenylation reaction of 

flavin mononucleotide (FMN) from adenosine triphosphate (ATP).  In bacteria, this 

enzyme is bifunctional, also producing FMN via the phosphorylation of riboflavin; see 

Figure 1.4 for reaction scheme6,48.  In the bacterium Corynebacterium ammoniagenes, 38 

kDa FAD synthetase folds into two modules, a kinase module and an adenylation 

module8,49. Both activities are Mg2+-dependent and the order of reactant binding and 

product release follows a bi-bi mechanism. A crystal structure (PDB ID 2X0K) unveiled 

a hexameric quaternary structure comprised of a dimer of trimers, see Figure 1.5 8. 

The N-terminal residues 1-186 correspond to the FMN adenyl transferase 

(FMNAT) active site, which takes on an α/β dinucleotide binding domain with a typical 

Rossman fold composed of a parallel β-sheet of six strands and five α-helices in a twisted 

conformation. There is an additional small subdomain made of a β-hairpin and two short 

α-helices. This structure is not homologous to mammalian or yeast FMNATs; however it 
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does belong to the nucleotidyltransferase superfamily8. The module is responsible for 

adenylation of FMN to form FAD, but also catalyses the reverse reaction to form FMN 

and ATP from FAD and pyrophosphate (PPi).  

The C-terminal residues (187-338) share sequence and structural homology with 

monofunctional riboflavin kinases (RFK). This domain makes FMN from riboflavin and 

ATP.  The RFK domain folds into a β-barrel with six anti-parallel β-strands and a long α-

helix with seven interconnecting loops.  

The FMNAT domain consists of three motifs that are highly conserved in the 

FAD synthetase and NT families i.e. 28-HxGH-31, 123-Gx(D/N)-125 and 161-

xxSSTxxR-16819,50. If the sequence is truncated the FMNAT module cannot act 

independently from the RFK module. It is also important to note that the quaternary 

structure of caFADS (a dimer of trimers) may facilitate ligand shuttling between the two 

active sites of contiguous protomers49. In this dissertation, the promiscuity of the 

FMNAT active site is exploited and characterized. Homology and structural differences 

are discussed to explain the results.  

1.5 Biosynthesis of Flavin Adenine Dinucleotide in Humans  

In humans, FAD synthesis from riboflavin is dependent on a sequential catalysis 

of two independent proteins, riboflavin kinase and FAD synthetase, also known as FAD 

synthase. FAD synthetase is a monofunctional enzyme that exists in two isoforms. The 

FAD synthetase human isoform 2 (hFADS2) is localized in the cytosol and human 

isoform 1 (hFADS1) is localized in the mitochondria51. All work in this dissertation 

corresponds to hFADS2 only. The 57 kDa hFADS2 enzyme folds into two domains, a 

phosphoadenosine phosphosulfate reductase at the C-terminus and a molybdo-pterin-
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binding domain at the N-terminus10,11. While the molybdo-pterin-binding domain 

function is not known, the phosphoadenosine phosphosulfate reductase domain is 

responsible for FAD synthesis and shares over 60% similarity and 34% identity with 

corresponding FMN adenyl transferase Fad1p protein domain from eukaryotic S. 

cerevisiae 11,52. Similarly to C. ammoniagenes the reaction is Mg2+ dependent and the 

order of reactant binding and product release follows a bi-bi mechanism. To date, the 

crystal structure of hFADS2 remains unsolved, the FAD synthetase crystal structure from 

eurkaryotic yeast is shown in Figure 1.652. A comparative analysis of the promiscuity 

between caFADS and hFADS is discussed in Chapter 3. 

1.6 E. coli DNA Photolyase 

E. coli DNA photolyase is a 54 kDa monomeric DNA repair flavoprotein, see 

Figure 1.7. This enzyme is responsible for repairing UV damaged DNA lesions called 

cyclobutylpyrimidine dimers (T<>T or CPDs). These T<>T dimers are bound as 

substrate to the enzyme and then repaired via a photoinduced electron transfer 

mechanism catalyzed by a fully reduced anionic flavin, FADH-. EcPL also contains an 

antenna cofactor methenyltetrahydrofolate (MTHF) that is not essential for catalysis but 

can improve the efficiency of repair under light limiting conditions53,54. Although the 

catalytic cycle for this enzyme has been solved the reaction intermediates are still highly 

debated3,4,55. Computational studies indicate that the adenine mediates the electron 

transfer process via a virtual intermediate34–36. However, Glusac et al. argue that a real 

radical adenine anion intermediate exists for free flavin in solution41.  
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1.7 Ultrafast Transient Absorption Spectroscopy 

Ultrafast dynamics are readily unveiled using the transient absorption 

experimental technique. This technique is used to study both biological and chemical 

photoinduced excited state properties56. The transient absorption technique is used to 

examine excited-state energy transfer, electron and/or proton transfer, intersystem 

crossing, isomerization and charge separation. These processes observed do not have to 

be emissive, they can be representative of dark states evolving in time57.  

The subpicosecond experiments described in this dissertation use short laser 

pulses to achieve time resolution 200 fs-3,500 ps. A small fraction (~5%) of the sample is 

photoexcited to an electronically excited state via a short pump pulse57. A low intensity 

probe pulse consisting of either a white light continuum pulse or one with narrower 

bandwidth (generated in a noncolinear optical parametric amplifier) probes the evolution 

of the transmittance of the sample over time by delaying the pump arrival relative to the 

probe pulse using an opto-mechanical delay line56,58. This information is collected on a 

charged coupled device camera and then a difference absorption spectra is calculated. 

∆𝐴 = 𝐴𝑒𝑥𝑐𝑖𝑡𝑒𝑑 𝑠𝑡𝑎𝑡𝑒 − 𝐴𝑔𝑟𝑜𝑢𝑛𝑑 𝑠𝑡𝑎𝑡𝑒  = log (∆𝐼0/∆𝐼) 

Equation 1. Difference Absorption 

A difference absorption spectra is comprised of several contributions from 

different processes. The ground-state bleach (GSB) is a negative A corresponding to the 

population of the sample that is promoted to the excited state via the pump pulse. It is 

negative because there are fewer molecules in the ground state for the excited sample as 
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compared to the non-excited sample59. Stimulated emission (SE) is another negative 

contribution to A because a photon from the probe pulse induces the emission of a 

photon from the excited molecule. The stimulated emission produced photon emits in the 

same direction as the probe photon so both are detected causing an increase of light 

hitting the detector as compared to the unexcited molecule60. Excited state absorption 

(ESA) is a positive A spectral feature caused by levels of higher excited states (n) being 

populated from the initial excited state (i) if the extinction coefficient for the excited state 

absorption (in) > (0i). Product absorption may also result in a positive spectral 

feature. Such products may be long-lived but transient intermediate states that include 

triplet formation, charge-separated states, and isomerization states57.   
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Figure 1.1: Three oxidations states of flavins (left to right): Oxidized (FlOX), 

semiquinone (FlH•, 1e-), and anionic hydroquinone (FlH-, 2e-). 
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Figure 1.2: Flavin adenine dinucleotide in PL and glutathione 

reductase, a “normal” FAD-dependent metabolic enzyme. 

 

FAD from EcPL 

(PDB: 1DNP) 

FAD from HsGR 

(PDB: 3GRS) 
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Figure 1.3. εFADox. The εAdo moiety is boxed in red 
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Figure 1.4. Reaction scheme of bifunctional enzyme FAD synthetase. Reverse 

scheme not shown6,8. 
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Figure 1.5. Crystal structure of oligomeric FAD synthetase isolated from C. 

ammoniagenes PDB ID 2X0K8. 
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Figure 1.6. Crystal structure of FAD synthetase isolated from S. cerevisiae PDB ID 

2WSI61. 
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Figure 1.7. Crystal structure of A. nidulans DNA Photolyase PDB ID 1TEZ62. 
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Figure 1.8. Transient absorption experimental setup63.  
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CHAPTER 2 

ULTRAFAST EXCITED STATE DYNAMICS OF FLAVIN N1,N6-

ETHENOADENINE DINUCLEOTIDE: IMPLICATIONS FOR THE ELECTRON 

TRANSFER MECHANISM IN FAD-BINDING DNA PHOTOLYASE 

 

2.1 Introduction 

 Flavins are vital biological redox molecules that can undergo either one- or two-

electron transfer, making them much more versatile than the 2e- redox cofactor 

nicotinamide. The simplest derivative is riboflavin, in which the isoalloxazine (or flavin) 

ring has a ribose group appended at N10 (see Figure 2.1 for numbering). This form is used 

to make the phosphorylated and dinucleotide derivatives flavin mononucleotide (FMN), 

and flavin adenine dinucleotide (FAD) respectively. These more complex derivatives (not 

riboflavin) are essential cofactors participating in electron transfer reactions that are 

fundamental to many biochemical processes such as photosynthesis, metabolic pathway 

signaling, and DNA repair1–3. 

 One example of DNA repair in E.coli is facilitated by photoinduced electron 

transfer (PET) between photoexcited hydroquinone anion *FADH─ and the cyclobutane 

pyrimidine dimer (CPD)4–6. E.coli DNA photolyase (PL), a monomeric flavoenzyme, 

uses flavin adenine dinucleotide (Figure 2.2) as a coenzyme to repair UV damaged DNA. 

This repair reaction is facilitated by the transfer of an electron. Although the kinetics of 

CPD repair have been elucidated by our group and others, the role of adenine in the 

electron transfer pathway is still unclear7–13.  
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 The spectroscopic evidence, to date, does not clearly answer whether or not the 

electron is transferred directly from the isoalloxazine moiety to the dimer or whether the 

electron hops from the isoalloxazine moiety to the adenine moiety to the dimer. A 

sequential hopping mechanism should exhibit ground state absorption features for the 

flavosemiquinone and bands corresponding to the adenine radical anion. If 

superexchange is operative, there would be no Ade.  

 Transient absorption studies by MacFarlane and Stanley7, and Liu et al. 14 have 

been performed, but no single study has been definitive. Working with PLOX, MacFarlane 

et al. ascribed a long-lived excited state absorption band in the far red to a charge transfer 

complex between photoexcited oxidized flavin (*FlOX) and the adenine (Ade) moiety (or 

possibly a tryptophan). Liu et al. suggest that Ade is a virtual intermediate in a 

superexchange mechanism *FADH- and the CPD substrate. A different experimental 

approach, eliminating the adenine moiety from FAD, would be very enlightening. 

However, the reconstitution of apo-PL with riboflavin or flavin mononucleotide has been 

unsuccessful15.  

 It is widely assumed that the photoinduced intramolecular electron transfer occurs 

in the *FADOX in large part because the dinucleotide adopts a stacked geometry, 

reminiscent of its structure in PL. A large number of time-resolved studies16–19 have been 

performed on both *FADOX and *FADH-, but the identification of any radical Ado 

species has been wanting. The thermodynamics of the process has been debated as well, 

but reliable estimates of the reduction potentials of flavin and adenine are still subjects of 

debate. 
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 We have addressed the role of the adenine in DNA repair by reconstituting apo-PL 

with a FAD in which the adenosine group (Ado, upper back box, Fig. 2) was bridged 

chemically to yield a modified adenosine, 1,N6 - ethenoadenosine (εAdo, see red box of 

Figure 2.2). This modified FAD was first synthesized by Barrio and Leonard20–22. Ado is 

more highly conjugated and extended than Ado and thus has a red-shifted UVB 

absorption band centered around 305 nm. This band, serendipitously, lies in a spectral 

“valley” between the S0S2 (~370 nm) and S0S3 (~265 nm) transitions of FlOX, with 

an extinction maximum of about ~3,200 M-1cm-1 compared to about ~1200 M-1 cm-1 for 

FlOX at this wavelength. We hypothesized that the resulting dinucleotide, ε-FAD, would 

have an altered thermodynamic driving force for PET between the FlH- and -Ado by 

lowering the energy gap between the excited state flavin donor and the bridging 

adenosine molecule20–23. E. coli apo-PL accepted this ε-FAD with a ~15% increase in the 

overall repair rate (manuscript submitted). 

 In this work, we present the photophysical characterization of the ε-FAD cofactor 

by a comparative transient absorption study of the excited state dynamics of FMN, FAD, 

and ε-FAD in oxidized and two electron reduced states in aqueous solution to ascertain 

whether PET is occurring between the stacked ε-Ado and *FlOX or *FlH-. Previous 

spectroscopic studies of FAD in solution do not definitely retrieve features of an adenine 

radical anion intermediate species19. Although both the flavosemiquinone and 

flavohydroquinone anion have a moderately strong excited state absorption bands in the 

near UV/vis, the relatively weak equivalent absorption features of the adenine radical 

anion have not yet been observed in the ultrafast transient kinetic fits. Our species 

associated spectra show evidence of ε-Ado radical anion formation and semiquinone 
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formation at early times for the reduced ε-FADH anion.  

2.2 Materials and Methods 

 2.2.1 Sample Preparation and Photoreduction 

 Flavin adenine dinucleotide was purchased from TCI, Japan (>95% purity). The 

sample purity was checked by reversed-phase C18 high pressure liquid chromatography 

(HPLC) and used as received. For synthesis of ε-FAD we followed the procedure of 

Barrio et al. 21. Approximately 50 mg of FAD was stirred gently in 20 mL of 1.5 M 

chloroactealdehyde (Sigma-Aldrich, ~50 wt.% in water) for 72 hours. The reaction was 

carried out at room temperature in a light-protected round-bottom flask. To further 

confim the product identification we have shown, as was demonstrated by Barrio et al., 

that the addition of phosphodiesterase to a solution of FAD results in a dramatic increase 

in *Ado emission (data not shown). This was explained as the loss of energy transfer in 

the stacked nucleotide upon enzymatic hydrolysis of the phosphodiester bond21. 

 Purification of εFAD was accomplished in two steps as described by Walsh et 

al.24. The reaction mixture was first purified on a weak anion exchange resin, DEAE 

Sephadex A-25 (Sigma Aldrich), using 100 mM potassium phosphate buffer, pH 6.8, for 

loading and elution. The eluate was dried under vacuum and then further purified using 

reversed-phase HPLC on an Agilent 1100 separations module fitted with a YMC-ODS-

AQ 250 mm x 10 mm column. An isocratic method was applied using 25% methanol in 5 

mM ammonium acetate, pH 6.0. Purity and fidelity of the εFAD was assessed by steady-

state fluorescence and UV-vis absorption spectra. The yield of the purified product was 

typically ~40%. The purified sample was vacuum-dried and stored at -20°C as smaller 

aliquots. An aliquot was then resuspended in the appropriate buffer system.  
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 All FlOX were studied in 50 mM Tris HCl, pH 7.0 buffer. All FlH- samples were 

photoreduced using freshly prepared sample solutions of 175-350 µM (concentrations 

confirmed by UV-vis absorption).  After deoxygenation in an anoxic glove box, the 

sample was irradiated for ~15 min. with a blue-light 450 nm LED array (GoLITE 

HF3332, Philips) at 1mW power. 5 mM EDTA was used as the reducing agent in 50 mM 

Tris HCl buffer at pH 7-9. Photoreduction was deemed complete by examination of the 

absorbance and fluorescence spectra. Care was taken not to overexpose the samples 25 as 

lumichrome (Lc) and lumazine (Lz) form readily, as determined by C18 HPLC analysis of 

the post-irradiation samples. Both Lc and Lz  are very fluorescent compared with FAD or 

FADH-. Under the above conditions photoreduction took only about 3 min. of 

illumination before FMNH- photodegradation was observed. FAD and FAD were 

photoreduced for ~30 minutes. 

 2.2.2 Steady-State Spectroscopy 

 All linear absorption measurements were carried out on Hewlett Packard 8452A 

Diode Array Spectrophotometer. Steady-state fluorescence studies were carried out on a 

PTI Quantamaster 3 single photon-counting fluorimeter (Birmingham, NJ). Relative 

emission quantum yields were made using quinine sulfate in 0.1 N HCl as a standard. 

 2.2.3 Transient Absorption Spectroscopy  

 A Ti:Sapphire laser (KLM, ~80 MHz, 780 nm) was amplified using a regenerative 

amplifier to produce ~ 300 µJ, 120 fs pulses at ~250 Hz. This was split into two beams. A 

white-light continuum probe beam (WLC, 350-710 nm) was generated by focusing a few 

microjoules (NA ~ 0.04) into a slowly translating CaF2 crystal. The majority of the 780 
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nm fundamental was used to generate the pump beam at the second-harmonic, 390 nm, 

using a 2 mm type-I BBO crystal.  

 The pump beam was focused using a 40 cm quartz lens, while the WLC was 

focused using an off-axis 90 aluminum paraboloid with a focal length of 10 cm. The 

angle between the focused pump and the probe beams at the sample was ~ 2°. Their 

relative polarization was set to magic angle (54.7°) using a half-wave plate in the pump 

beam. A CMOS camera with 25 μm square pixels was placed at the focus to measure the 

diameters of the focused beams. This is a crucial operation as the pump beam must be no 

smaller than the probe beam to ensure homogeneous pumping of the sample volume. In 

addition, the optical alignment of the delay stage (pump beam) was checked to ensure 

overlap over the full 3 ns range. Typical pump and probe beam diameters were 264 and 

126 μm. Care was taken to attenuate the near-IR fundamental remaining in the WLC by 

using a Schott BG39 filter. The pump power was measured before and after the 

completed scans by reflecting the pump pulse before the cuvette onto a calibrated silicon 

joulemeter (Molectron J3-S10), which was read by a 400 MHz digital oscilloscope. 

 The pump-probe delay is set using a motorized delay rail that adjusted the path-

length of the pump beam to provide a delay range of up to 4 ns with a resolution of ~10 

fs. To build the difference absorption spectra, the sample was pumped at ~125 Hz and the 

WLC transmittance measured on a cooled CCD detector (Andor, 1024x32 pixels) at ~250 

Hz.  The single-shot transmittance spectra were transferred to a computer for construction 

of the A spectra and averaging using in-house developed LabView software. Analysis of 

the data is performed using Origin 9, MATLAB (2015b), and the global fitting analysis 

tool Glotaran 26. 
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 The sample was held in a 2 mm path length fused silica cuvette that was fitted 

with an air-tight septum. This cuvette was maintained at a constant temperature using a 

thermostatted cuvette holder (QNW FLASH 300). The thermostatted sample was 

continuously stirred with an 8 mm diameter by 0.6 mm thick magnetic stir disc. The 

beams overlapped about 2-4 mm above the stir disc.  

 For the chirp correction and fitting of the instrument response function (IRF), the 

cuvette sample solution was replaced with water or buffer. The high intensity pump beam 

induces an optical Kerr effect in the solution that refracts a fraction of the probe beam 

away from the detector. Data was taken in 0.2 ps steps to obtain the cross correlation 

between the pump and WLC. The experimentally obtained IRF was fitted using Glotaran. 

This IRF was very nearly identical to that obtained when Glotaran uses only the sample 

data to estimate the IRF. In subsequent analyses Glotaran was used in this fashion to 

model the IRF. 

 2.2.4 Computational Methods 

 The ground-state geometries of 9-methyl-Ade radical anion and cation were 

optimized using the DFT package in Gaussian 09 at the UB3LYP/6-311+G(d,p) level of 

theory. B3YLP/6-311+G(d,p) was used for the neutral 9CH3--Ade. The solvent was 

modeled using the polarizable continuum model (PCM) developed by Mennucci et al27. 

Minimum energy structures were confirmed by vibrational frequency calculations at the 

same level of theory. Simulated absorption spectra were calculated using TD-DFT 

calculations at the same level of theory on the optimized geometry. Transition energies 

from the TD-DFT calculations were used to generate absorption spectra assuming a 

Gaussian line shape with a 5 nm full width half maximum for the =0 vibronic band of 
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only the optically bright transitions. These calculations were carried out by Dr. Madhavan 

Narayanan. 

2.3 Results 

 2.3.1 Steady-State Spectroscopy of FMNOX, FADOX, and FADOX 

 The solution state spectra of FMNOX and FADOX have been studied 

exhaustively17–19,28–34. FAD and other -dinucleotides have been characterized by Barrio 

et al and others20,21,23,35,36. The room temperature absorption spectra of these flavins and 

nucleosides are plotted in Figure 2.3, with the singlet S0Sn transitions (n=1-4, S0n) 

indicated. Significant spectral features between the chemically modified εFAD and FAD 

are the differences in extinction at 222 nm and 310 nm. The increased extinction at 310 

nm led us to choose this analogue because of the change in LUMO-LUMO gaps between 

the nucleoside acceptor and the isoalloxaine moiety. It also affords for the selective 

excitation or probing of the Ado moiety. The overlapping spectral features in the visible 

region of the spectrum (>340 nm) confirm that the ground state electronic interaction 

between the two chromophoric moieties is negligible and the absorption spectrum of the 

ε-FAD can be treated as a linear combination of ε-Ado and the flavin moiety. The steady-

state fluorescent properties of ε-FADOX were identical with previous measurements20–23 

(data not shown).  

 2.3.2 Steady-State Spectroscopy of FMNH-, FADH-, and FADH- 

 The absorption and fluorescence spectra of reduced flavins are still a subject of 

some debate. The difficulty lies in obtaining purely 2e- reduced samples without 

significant photodegradation19,25. This is especially true for FMN, which is degraded 
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easily to lumichrome and lumazine under quite modest light intensities, even in the 

presence of a sacrificial electron donor like EDTA or oxalate. To this end, 

photodegradation was carefully monitored using HPLC. 

 The absorption spectra of FMNH-, FADH-, and FADH- are shown in Figure 2.4 

The S0Sn transitions (n=1-4, S0n) of FMNH- have maxima as indicated. FADH- has 

greater extinction around S03 and 225 nm because of the Ado. In their reduced forms 

FADH- and FADH- are well fitted by a linear combination of the FMNH- and Ado or 

Ado spectra (analysis not shown), indicating that there is little ground state coupling 

between the flavin and adenosine moieties.  

 It was found that complete photoreduction of FMNOXFMNH- was attained in 

180 sec. using only 1 mW/cm2 of 445 nm light (c.f. Fig. 2.3 and Fig. 2.4, green). At 

greater exposure times Lc was observed with Lz forming subsequently (data not shown). 

The mechanism for flavin photodegradation is thought to center on the nanosecond 

lifetime of *FMN. The singlet lives long enough that 3FMN forms with good quantum 

yield37,38, which is photochemically active. FAD and FAD required significantly larger 

photon fluxes because their singlet lifetimes are orders of magnitude shorter, but 

eventually photodegrade as well.  

 The steady-state fluorescence of the reduced flavins is shown in Figure 2.5. The 

excitation slits were kept at 5 nm band pass because larger slit widths led to 

photodegradation, as determined by nonstoichiometric increases in fluorescence and HPLC 

analysis (data not shown). The emission spectrum of the εFADH- has a maximum at ~475 
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nm when excited at 370 nm. The quantum yield (relative to quinine sulfate) of *εFADH- is 

f=0.005 while f= 0.0015 for *FADH-. 

 We attribute the differences in f to the amount of stacked versus unstacked 

conformers. In the oxidized form of εFAD, the orbital overlap of the εAdo group with the 

isoalloxazine ring is better than that of stacked FAD resulting in higher FRET efficiency 

and a lower quantum yield 21,39. However, εFADH- appears to display the opposite trend. 

This may be due to the changes in the ratio of stacked to unstacked dinucleotide caused 

by butterfly bending conformational motions of the N5-N10 axis in the reduced 

isoalloxazine ring described by Ghisla 40. *FlOX is known to be planar in both ground and 

excited singlet states rather than bent.  

 The fluorescence excitation spectra for *FADH- and *FADH- monitoring 

emission at 525 nm17,30 are shown in Fig. 2.5. The *FADH- spectrum illustrates the 

exisitence of two electronic transitions (S01, S02) for reduced flavins with maxima at 415 

nm and 350 nm31,41. The increased intensity near 305 nm of the *εFADH- spectrum 

indicates that energy transfer occurs between *Ado and FlH-. This in turn suggests that a 

significant population of the reduced dinucleotide retains the stacked conformation in 

spite of the structural differences between Ade and Ade. This nice result validates the 

use of ε-FADH- as a FADH- analogue for probing FAD-dependent cofactor dynamics of 

Ade/reduced flavin dynamics in real time by selective excitation of the Ade moiety.  

 2.3.3 Ultrafast Transient Absorption Spectroscopy of Oxidized Flavins 

 It has been widely accepted that the fluorescence of oxidized FAD as well as the 

excited state of the reduced anionic FAD (*FlH─) are quenched due to stacking with the 
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adenine moiety16,19,21,39,42,43. In order to investigate the role of adenine in the non-

radiative decay pathway of FAD, and to provide a reference point for comparison to 

FAD, flavin mononucleotide transient measurements were made to model the unstacked 

population kinetics of the *Fl molecule.  

 Data for FMN and the other flavins were obtained at a variety of pump pulse 

energies from 0.05 to 0.5 μJ/pulse and at two different temperatures, 4C and 20C. A 

typical data set consists of ~320-620 nm spectral range and ~3 ns of time delay. Each 

scan of the delay line includes 800 laser shots per delay setting, amounting to 400 single-

shot spectra. These spectra were averaged and the delay stage moved to the next time 

setting. Five complete scans were taken to improve the signal to noise and to obtain 

estimates of the standard deviation of the data. The raw data are processed in MATLAB 

to take out artifacts and to baseline correct the data by averaging at least 5 pre-zero 

spectra and subtracting these from the data set. In the raw spectra scattered pump light 

appears as a very large negative A. If left in the data set it would swamp the fitting 

algorithm. This narrow spike was removed by deleting the data from, for example, 390-

405 nm. A typical FMNOX data set taken at 20C is shown in the top panel of Fig. 2.6. 

Noise around 400 nm is remaining scattered pump light. The excitation energy was 0.131 

μJ. Using the measured beam diameter of 264 μm the pump fluence is 0.02 μJ/cm2. A 

knowledge of the beam intensity is particularly important when looking at *FMNOX 

because of its proclivity to undergo a multiphoton photoreduction to the 

flavosemiquinone. Based on the work of Plaza an upper limit for the laser fluence is 0.66 

µJ/cm2 19
. 
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 Using the global analysis tool Glotaran, two evolution associated spectra (EAS) 

with lifetimes 1.1 ps and > 5 ns were extracted from a two state sequential model. We 

attribute the 1.1 ps lifetime to internal conversion from the S2S1 state. This is 

reasonable because both states have approximately the same extinction at EX=398 nm. 

Thus roughly half of the excited population is in S2 and relaxes to S1 in picoseconds. The 

longer component is attributed to radiative (fluorescence) decay from S1S0. See Figure 

2.6 for fits and associated spectra. These results are in good agreement with previously 

reported results7,18,19,38, with one difference (see Table 2.1). These measurements, done in 

both Tris and phosphate buffers, are notably absent in the 3FMN species. Islam et al.38 

determined that the quantum yield for riboflavin intersystem crossing, ISC~0.36. The 

triplet spectrum has a rather broad ground state absorption from about 500 to beyond 700 

nm with an extinction coefficient at 600 nm of about 6,000 M-1cm-137. With ISC~0.36 we 

would expect to see its contribution in the long component since ISC proceeds from the 

long-lived singlet. In addition, at 600 nm there is a zero-crossing in the transient 

absorption spectrum making it easier to observe 3FMN in this wavelength region. 

However, both components are nearly identical, ruling out the presence of more than a 

few percent of 3FMN. We do not yet have an adequate explanation for this result. 

 Using this as a reference, we assigned the oxidized FMN kinetic parameters as the 

representation for the 20% unstacked population of oxidized FAD at 20oC16,21,39,42,43. 

FADOX was fitted to a model containing three states. Two states correspond to the 

sequential mechanism for FMNOX (20% population) with a single state to model the 

decay of the stacked FAD population (80%). In this case the fitted model spectra are 

called “Species Associated Spectra” (SAS) as they are the spectra associated with a 
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particular unique molecular species as opposed to the evolution of one species (EAS). It 

should be noted that the addition of an additional state or rate constant engendered 

oscillatory SAS which could not be physically justified. This model is also unique in this 

particular buffer system, as only two SAS were extracted from the species in phosphate 

buffer (discussed in Chapter 4). In general, the simplest model that fit the data was 

considered the best model (Occam’s Razor). 

 The data were taken under similar conditions as those for FMN (200 µM, 

identical excitation fluences and wavelength (390 nm) at 20oC). Fig. 2.7 shows a typical 

data set, SAS, and the fastest fitted component at 7 ps. The 7 ps relaxation of the stacked 

population to the ground state is assigned to a conical intersection indicating charge 

transfer between the adenine moiety and *FlOX. This result agrees well with Zhong et 

al.7,34. The unstacked kinetics result in lifetimes of 1 ns and long. This result is quite 

different from the kinetics of FMN. There are two possible explanations for this. One 

explanation is that the flavin triplet species is forming at long times. Penzkofer et al. 

reports that the lifetime for intersystem crossing to the triplet state is on the order of 1 ns 

with positive features in the red edge of the spectrum38. Another possible explanation is 

that an aqueous electron is forming19,34. The formation of an aqueous electron is less 

likely because we do not observe this behavior under the same experimental fluence 

conditions for the FMN system.  

 Oxidized εFAD (εFADOX) fit well to a two state parallel model. The starting 

population for the stacked versus unstacked species were set to agree with the results of 

Barrio et al. obtained from a fluorimetric analysis of static and dynamic quenching21. The 

unstacked population was set to a starting population of 10% and the stacked population 
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was to a starting population of 90%. The lifetimes associated with the model employed 

are 3.9 ps and long. We attribute the 3.9 ps lifetime to a conical intersection transient of 

the εAdo moiety and the *FlOX. The long components are representative of the small 

unstacked population which undergoes a different relaxation pathway than the FMNOX. 

The 3.9 ps SAS component revealed positive spectral features that are indicative of a 

charge separated species (black line of Figure 2.8). The amplitude of the stacked 

associated spectra is much lower than that of the associated spectra of the unstacked 

because the extinction of the contributing charge separated species in the stacked 

conformation is only 22% of the excited state unstacked flavin extinction.  

 2.3.4 Ultrafast Transient Absorption Spectroscopy of Reduced Flavins 

 Excited state kinetics have been measured for FMNH- and FADH- by several 

groups. These results are summarized in Table 2.2. Our current measurements of FMNH- 

results agree with a two state sequential model as was done for FMNOX. The shorter 

lifetime is 39 ps with the 2nd component having a lifetime longer than our delay stage 

allows us to measure accurately, see Figure 2.9. The two state sequential model is 

justified because we excite the molecule at 390nm therefore populating S2 and S1 

electronic states41. 

 The kinetic results from our FADH- fits yielded two lifetimes that correspond to a 

simple sequential two state model similar to FMNH-. The lifetime for the faster 

component is 18 ps, which may correspond to a conical intersection decay pathway and 

then the longer lived component corresponds to relaxation from the S1 state. This 

proposed model agrees well with computational results calculated by Matsika et al. 

(manuscript submitted). Additional model states did not improve the fit and extracted 
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associated spectra did not show significant spectral signal. The buildup of the 580nm 

spectral feature in the long time, see Figure 2.10 red line, is a multiphoton, power 

dependent feature.  

 The kinetics of the εFADH- system were much more complicated than FADH- and 

FMNH- as to be expected. The driving force for electron transfer was altered by 

incorporating the modified nucleoside and therefore a three state model was utilized. The 

fastest component is attributed to internal conversion at 1.6 ps. The 27 ps component is 

attributed to photoinduced electron transfer because the shoulder of the associated spectra 

is indicative of semiquinone formation overlapping with etheno radical anion formation, 

see Figure 2.11 and Figure 2.12. The long component is attributed to recombination to the 

ground state. This is a very exciting result as it is the first reported measurement, to our 

knowledge, of the reduced excited state properties of ε-FADH- system. By altering the 

driving force for electron transfer, we have made another decay pathway available to the 

system that is a bright state rather than a dark state (conical intersection). Spectral 

evidence supports the presence of a charge separated state that is emissive.  

2.4 Discussion 

 To examine the role of the Ade in the PL catalytic cofactor FAD we hypothesize 

that by tuning the free energy of the donor-acceptor (*FlH-/Ade) pair in the electron 

transport pathway, the rate of electron transfer would be altered. To attain this goal, the 

Ade group was modified to Ade. PL was shown to repair CPD DNA with a slight 

increase in rate (Narayanan et al., manuscript submitted). Here we have presented the 

excited-state dynamics of FAD and FADH- with subpicosecond resolution. The 

motivation for doing so was to serve as a set of control experiments on the modified 
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cofactor in the absence of protein to test whether PET occurs and whether the kinetics are 

affected between the *Fl (*FlH-) and Ado and compare these results with the dynamics 

of *FAD and *FADH-.  

 Liu et al. used the Dutton-Moser electron transfer approximation to compute the 

electron transfer rate constant. This approximation requires accurate distance 

measurements between the donor and acceptor, rDA. Liu et al. used the distance from 

position N10 on the isoalloxazine moiety to the acceptor (Figure 2.2). Based on a number 

of pre-existing experimental and computational results this seems to be an odd choice. 

These earlier studies concur that the electron density of the excited state reduced anionic 

flavin resides on the xylene ring C8 thus implicating that donor in the electron transfer 

reaction would be localized around C8 10,44–46. Since the ET rate constant depends 

exponentially on rDA, a small error in this parameter can invalidate the results. Further, 

proteins are not rigid, crystalline materials but have motions over a wide range of time 

scales that can gate the ET reaction (i.e., the pathway model of Onuchic, Beratan, and 

Gray47). Needless to say, this same caveat, to perhaps an even greater extent, applies to 

modified cofactors. It is important to keep this in mind when measuring the excited state 

dynamics of flavins in all redox forms to assign the electron transfer mechanism in 

adenylated flavins.  

2.5 Conclusions  

 In this paper, we presented our initial findings on subpicosecond optical 

broadband transient absorption measurements of flavin 1, N6-ethenoadenine dinucleotide 

and made a direct comparison to its parent analogue – flavin adenine dinucleotide. 

Complementing the results with steady-state and time-resolved fluorescence studies, our 
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initial investigations suggest that in their oxidized and reduced forms in free solution, ε-

FAD and FAD display different charge transfer and deactivation dynamics. The ε-FADH- 

with a stronger intramolecular aromatic stacking interaction, exhibits unique electron 

transfer and recombination rates. Our studies further indicate that ε-FAD could be a very 

useful molecule in unraveling the pathway and mechanism of electron transfer in FAD-

binding flavoproteins. Ultrafast measurements should provide more insight on the role 

played by played by adenine within the enzyme DNA photolyase for repair of CPD by 

electron transfer.   
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Table 2.1. Ultrafast lifetimes of FMNOX and FADOX 
19,34,42 

  

 FMNOX FADOX 

This work 1.1 ps, long  7 ps , 1 ns, long  

Zhong, '08 

λEX = 400 nm  

N/A 1.4 ps, 7.8 ps, 1.8 ns  

 

Plaza, '11 

λEX = 470 nm 

2.5  ps, 4.6 ns. 1.0 ps, 5.5 ps, 31 ps, 3.0 ns  
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Table 2.2. Ultrafast lifetimes of FMNH- and FADH-7,13,19,33,48–50

 FMNH- FADH- 

This work 39 ps, long 18 ps, long 

Rose, '93  100ps 

Lindquist, '98 60 ps ,1.5 ps 17 ps, 1.5 ps 

Stanley, '03 41 ps, 843ps 4 ps, 121 ps 

Glusac, '08 40 ps, 529 ps, long 23 ps, 401 ps, long 

Zhong, '08 5.8 ps, 35 ps, 1.5 ns 5 ps, 31 ps, 2 ns 

Plaza, '11  1ps, 5.5ps, 32ps, 5ns 

Meech, '11  5.3ps, 29ps 
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Figure 2.1: Three oxidation states of flavins (left to right): Oxidized (FlOX), 

semiquinone (FlH•, 1e-), and anionic hydroquinone (FlH-, 2e-). 
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 Figure 2.2: Flavin adenine dinucleotide (FAD) and Flavin N1,N6 ethenoadenine 

dinucleotide.(FAD). The isoalloxazine moiety is indicated by the large black box 

with the adenine moiety above it in a smaller box. The etheno bridge modification is 

indicated by a red box. 
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Figure 2.3: Room temperature absorption spectra of FAD, εFAD, FMN, Ado, and 

εAdo in 50mM Tris Buffer pH 7.0. The red-shifted absorption of the εAdo as 

compared to the adenosine molecule increases the extinction in the 300 nm region of 

the εFAD. The inset plot highlights this significant difference. 
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Figure 2.4 : Absorption spectra of FMNH-, FADH-, and FADH-. 
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Figure 2.5: Excitation and emission spectra of FADH- and ε-FADH- in 50 mM Tris, 

50mM sodium oxalate, pH 9.0.  For excitation, emission was monitored at 525 nm. 

For emission excitation was set to 370 nm. 
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Figure 2.6 Transient absorption spectra of FMNOX in 50 mM Tris-HCl pH 7.0 
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Figure 2.7. Transient absorption spectra of FADOX in 50 mM Tris-HCl pH 7.0 
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Figure 2.8 Transient absorption spectra of εFADOX in 50 mM Tris-HCl pH 7.0 

 



53 

 

 

350 400 450 500 550 600
-0.005

0.000

0.005

0.010

0.015

0.020

0.025

S
1

S
0

 

 


 A

Wavelength (nm)

 S
2
 


= 39 ps

 S
1
 


= long

Evolution Associated Spectra of FMNH-

S
2

350 400 450 500 550 600
-0.002

-0.001

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

 

 


 A

Wavelength (nm)

 Trace

 Fit

 Residuals

Data, Fit, and Residuals at ~3 ns for FMNH- 

 

 

Figure 2.9: Transient absorption spectra of FMNH- in 50 mM Tris 5 mM EDTA pH 9.0  
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Figure 2.10: Transient absorption spectra of FADH- in 50 mM Tris 5 mM EDTA pH 

9.0. 
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Figure 2.11: Transient absorption spectra of ε-FADH- in 50 mM Tris 5 mM EDTA pH 

9.0 
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Figure 2.12. DFT calculated spectra of etheno-radical 

protonation states in chloroform (cfm) and water 

performed by Dr. Madhavan Narayanan. 
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CHAPTER 3 

CHARACTERIZATION OF PROMISCUITY IN ADENYL TRANSFERASE 

ACTIVE SITES OF FAD SYNTHETASES  

3.1 Introduction 

FAD Synthetase (FADS) is a ubiquitous enzyme responsible for the production of 

the essential cofactor flavin adenine dinucleotide (FAD) via an adenylation reaction of 

flavin mononucleotide (FMN) from adenosine triphosphate (ATP)1.  In bacteria, this 

enzyme is bifunctional, also producing FMN via the phosphorylation of 

riboflavin2,3.  Plants and many bacteria have the ability to synthesize riboflavin, the 

precursor to FMN and FAD, de novo4,5. Mammals are restricted to dietary uptake of 

riboflavin6. Unlike bacteria, mammals require two separate enzymes for flavin 

biosynthesis. Riboflavin kinase synthesizes FMN from ATP and riboflavin in a Mg2+ 

dependent reaction. This product is then shuttled to FAD synthetase to adenylate FMN in 

a sequential Mg2+ dependent reaction using ATP and FMN, see Figure 3.1 for scheme 

1,6,7. The evolutionary development of different flavin biosynthesis pathways in bacteria 

and humans implicates that targeting the pathway in bacteria may be a selective drug 

target.  

FAD synthetase in humans, also named as FAD synthase, is a 57kDa 

monofunctional enzyme found in two isoforms8,9. Each isoform is localized to a different 

compartment of the cell, isoform 1 (hFADS1) is found in the mitochondria and isoform 2 

(hFADS2) is localized to the cytosol10,11. All work in this dissertation corresponds to 

hFADS2 only. The hFADS2 enzyme folds into two domains, a phosphoadenosine 
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phosphosulfate reductase at the C-terminus and a molybdo-pterin-binding domain at the 

N-terminus6,9. To date, the crystal structure of hFADS2 remains unsolved; the FAD 

synthetase crystal structure from eurkaryotic yeast is shown in Figure 3.2 12. However, 

the order of binding and product release follows the same behavior of bacterial and other 

mammalian FAD synthetases, an ordered bi-bi mechanism in which the ATP binds 

before FMN and pyrophosphate (PPi) releases before FAD11. It has been suggested that 

the redox state of the flavin and the presence of other apo-flavoproteins significantly 

affects the product release and ultimately the overall rate of catalysis13,14. Promiscuity of 

the flavin binding pocket has been tested with deazaflavins and roseflavin antibiotics; 

however, the promiscuity of the ATP binding pocket has not been tested, to our 

knowledge, with modified fluorescent based analogues13. It would be advantageous to 

examine the promiscuity of this active site and compare it to that of a bacterial FAD 

synthetase to see if there was yet another degree of drug target selectivity between 

species.  

FAD synthetase isolated from C. ammoniagenes is a 38 kDa bifunctional enzyme 

that binds its substrates and releases its products in an ordered bi-bi mechanism3,15. It has 

been shown that ATP binds first, followed by FMN, once catalysis occurs, pyrophosphate 

is released and then FAD is the rate limiting step. There are two independent ATP 

binding sites and two independent flavin binding sites in each of the functional domains; 

see Figure 3.1. for the crystal structure of the oligomeric assembly 15–17.  While FADS 

isolated from C. ammoniagenes does not accept all triphosphate nucleosides, it has been 

demonstrated that bacterial FADS will accept the fluorescent base analogue aminopurine-

2'-deoxyriboside-5'-triphosphate (2ApTP) for the production of F-2Ap-D3,18.  Preliminary 
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experiments indicate the monofunctional human FADS (hFADS) is not similarly 

promiscuous. These results raise questions about the differences in substrate specificity of 

bacterial and hFADS. Understanding these enzymes may lead to new drug therapies, 

bioimaging techniques, and structure function relationships in the FMNAT family.  

3.2 Materials and Methods 

3.2.1 Overexpression and Purification of caFADS 

 The Corynebacterium ammoniagenes FAD synthetase (caFADS) plasmid was 

generously provided by Prof. M. Medina. The pET28a-(+) vector was transformed into 

BL-21 DE3 competent cells. These cells were grown at 30oCin LB media and 

overexpressed using 1mM IPTG after the cells had reached an O.D. of 0.6 (~3 hours) at 

600 nm. The cells were then spun down after 5 hours of additional growth, homogenized 

in disruption buffer (50mM Tris, 12mM beta-mercaptoethanol/BME, incubated with 

1mg/mL of lysozyme (FisherSci), and then sonicated (Sonetek) with ¼” tip for 8 minutes 

at 30 seconds on and 30 seconds off on level 4. After pelleting the cell debris at 15000xg 

for 30 minutes the volume of the supernatant was measured and ammonium sulfate was 

added to a final percentage of 35% (w/v). A 5mL Hi-Trap phenyl sepharose column was 

used as a first round of purification of caFADS. The protein mixture was loaded onto the 

column, washed with 20 mL of Buffer B (50mM Tris, 20% ammonium sulfate 5mM 

MgCl2 pH 8.0), and then eluted using a linear gradient of 25 mL Buffer B to Buffer C 

(50mM Tris, 5mM MgCl2 pH 8.0) sulfate over 20 minutes. The collected fractions were 

then combined and buffer exchanged into cFS Activity Buffer (50mM Tris 5mM MgCl2 

pH 8.0) and loaded onto a 30mL DEAE Sephadex column A-25. This column was 

washed with 60 mL Buffer dsB (50mM Tris, 5mM MgCl2, 100mM NaCl pH 8.0), and the 
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caFADS was eluted using a gradient from Buffer ds B to 100 % Buffer dsC (50mM Tris, 

5mM MgCl2, 500mM NaCl pH 8.0) over 20 minutes at a flow rate of 1.5 mL per min16. 

The protein was then buffer exchanged into cFS Activity Buffer and stored in -20oC. 

Typical yields of purified protein were 2-5mg/g of wet cell weight.   

 3.2.2 Overexpression and Purification of hFADS2 

 The human isoform 2 FAD synthetase plasmid was generously provided by Dr. 

M. Barile. The plasmid bearing the recombinant His-tagged protein gene was 

transformed into Rosetta DE3 component cells. These cells were grown in LB media to 

O.D.600 = 0.6 and overexpressed using 1mM IPTG at 37oC. The cells were then spun 

down (~15g/L), homogenized in buffer hA (50mM HEPES, 100mM NaCl, 10% sucrose, 

10mM BME, 10mM imidazole pH 7.4) incubated with 1mg/mL of lysozyme (FisherSci), 

and then sonicated (Sonetek) with ¼” tip for 8 minutes 30 second on and 30 seconds off 

on level 3. The protein can be isolated successfully from the soluble fraction but we have 

found that resuspension of the insoluble fraction did not yield significant amounts of 

protein. Therefore, the insoluble fraction was discarded. It has been reported that the 

insoluble fraction may contain 75% of the expressed protein6.  After pelleting the cell 

debris at 15000xg for 30 minutes the supernatant was filtered and loaded onto a 

preequilibrated 5mL Hi-Trap Ni2+ sepharose column. The column was washed with 20 

mL of Buffer hB (50mM HEPES, 100mM NaCl, 10% sucrose, 10mM BME, 500mM 

imidazole pH 7.4) and then the protein was then eluted with 30 mL of Buffer hC (50mM 

HEPES, 100mM NaCl, 10% sucrose, 10mM BME, 500mM imidazole pH 7.4). The 

collected fractions were then combined and buffer exchanged into hFS Activity Buffer 
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50mM Tris 5mM MgCl2 pH 7.4 and stored at 4oC. Typical yields of purified protein were 

0.78mg/g of wet cell weight.  

 

  3.2.3 Activity Assay of caFADS and hFADS2 

 In a 1.0 mL reaction volume, 1 µM caFADS or hFADS2 was incubated at 37oC 

with 100µM 2ApTP (BioLog) or ATP and 100 µM 98% pure FMN (Sigma) for two 

hours in their respective Activity Buffers. Pseudo-first order reactions were performed 

using 100nM caFADS/hFADS2, 1mM 2ApTP or ATP, and 10 µM of FMN. The reaction 

was quenched by heating the samples to 100oC for 5 min. The sample was centrifuged at 

15,000xg to remove the caFADS/hFADS2 from solution before purification on a 

250x4.6mm Beta Basic HPLC column. The isocratic method consisted of 100% 5mM 

Ammonium Acetate pH 6.0 doped with 20% HPLC grade methanol. Peaks were 

integrated and corresponding areas were converted to concentrations from a calibration 

curve. An isolated peak corresponding to F2ApD was collected, freeze dried, and stored 

in -20oC until used for further analysis.  

3.3 Results  

 3.3.1 Control Experiments 

 Activity assays were monitored using steady-state fluorescence and HPLC. 

Control reactions were run using ATP and FMN to ensure the enzyme was active; see 

Figure 3.3 for standards. The decrease in fluorescence (see Figure 3.4) corresponds to the 

production of FAD because FAD has a lower quantum yield in the oxidized state 

compared to FMN19,20.  The reported kinetic constants for caFADS FMNAT activity are 

kcat =17 min-1, KM
ATP = 36µM, and KM

FMN = 1.2µM3,21,22. These KM values are average 
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Michaelis constants since it was not possible to determine the constant for each specific 

independent binding site17. The kcat is a kcat
eff because it is not possible to isolate the 

protein from oligomeric mixtures (i.e. hexamer, trimers, and monomers)16. For our 

experimental conditions we report an average kcat
eff of 13 min -1 for the reactions 

associated with Figure 3.4. See equation 1.  

𝑉𝑚𝑎𝑥

[𝐸]𝑇
=  𝑘𝑐𝑎𝑡

𝑒𝑓𝑓
 

Equation 1. 

Equation 1. was used because under all experimental conditions one of the substrates was 

held in a 10 fold excess of the binding constant (see section 3.2 for concentrations). This 

allowed one to assume that the enzyme substrate complex behaved under steady-state 

kinetics. 

 For the hFADS2 reactions, the reported constants are kcat = 4.14 min -1 ,  

KM
FMN = 350 nM and KM

eff =15.3µM 6. Researchers report that there is a decrease in 

activity of up to 40% upon converting the holo-protein to apo-form6,9. For all experiments 

presented here, the enzymes were washed with excess ATP to allow for the removal of 

endogenous substrate or product still bound after purification, confirmed by a lack of 

absorption at 450 nm corresponding to flavin. Therefore, all of the protein that was used 

for promiscuity experiments were in the apo-form initially. Our measured kcat
eff is 1.34 

min-1 based on the experiments shown in Figure 3.5.  

 3.3.2 Promiscuity Experiments 

 The enzymatic reactions were assembled in the same way that the control 

reactions were run. Two experiments were designed so that the concentration of the 
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2ApTP was in a high excess of the binding constant reported for ATP so that binding 

would not be the limiting step of catalysis (67 fold excess for hFADS2 and 28 fold excess 

for caFADS). Interestingly the bacterial enzyme showed activity while the human 

isoform 2 did not, for two different concentrations of 2ApTP, see Figures 3.6 and 3.7.  

We report an effective kcat = 4.68 min-1 for the 2ApTP reaction of caFADS.  

 3.3.3 F2ApD 

 The novel product named F2ApD was isolated and characterized using UV-vis 

absorption, steady-state fluorescence, and ultrafast transient absorption. These results are 

discussed in Chapter 4.  

3.4 Discussion 

 The promiscuity of the adenylation active site seems to be selectively for the 

bacterial enzyme. However, these results are still preliminary due to the fact that the 

hFADS2 isoform displays a significant loss of activity even with the native substrates. It 

is important that the KD and KM for 2ApTP are accurately determined. Experiments to 

date attempted to calculate the KD using a fluorimetric competitive binding assay. 

However, when plotting the fraction bound versus the ATP concentration added to the 

solution, the data did not display sigmoidal behavior typical of competitive binding 

curves. This may be due to: a mixture of oligomeric states of caFADS, 2ApTP base 

stacking quenching effects, and multiple binding sites for ATP.  

 The FADS adenylation reaction is expected to occur via a nucleophilic attack by 

the 5' phosphate of the FMN on the α- phosphate of ATP without the direct involvement 

of residues in the active site17. Yet, the effect catalytic rate constants are different by a 

factor of 3 for the caFADS. Medina et al. modeled FMN and ATP using crystal structures 
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of FAD synthetases co crystallized with substrate. The authors suggest that the α,β 

phosphates are situated within interacting distance of the neighboring His residues. The 

adenine is located at the bottom of the cavity making hydrogen bonding contacts to the 

backbone of hydrophobic residues16. It seems as if the displacement of the amino group 

on adenine did not perturb the contacts with the α,β phosphates, but may have induced 

some repulsive interactions with residue Arg161 thus affecting the binding or release of 

the 2Ap group.  

 For the human isoform 2, it is more difficult to make structural conclusions 

because the crystal structure has not yet been solved. However, comparing the hFADS2 

sequence with that of S. cerevisiae (60% identity and 34% similarity of the PAPS 

reductase domain) one may argue that the increased interaction between the residues and 

the adenine moiety is a clear indicator as to why the displacement of the amino group 

caused inactivation of the enzyme. In S. cerevisiae Fad1p the adenine base plane is 

perpendicular to the isoalloxazine ring. The ring is tightly surrounded by side chains of 

the totally conserved P-loop. The N6 is hydrogen bonded to the carbonyl group of Ile107. 

By moving this group to the C2 position this interaction is completely lost, the 2-

aminopurine may not bind at all in the human isoform 212,23. It has been proposed that the 

increase number in interactions and the tight binding of the bent FAD product may act as 

a regulatory role in eukaryotic cellular FAD homestasis11.  

3.5 Conclusions 

 Here we present the promiscuity of adenyltransferase active sites between a 

bacterial FAD synthetase and a human isoform 2 FAD synthetase. This interesting result 

leaves open questions about the evolutionary divergence of FAD synthetases. Bacterial 



69 
 

systems may not need a tight regulation on flavin homeostasis because they do not 

possess mitochondria. Flavins are found in many mitochondrial proteins and are involved 

in metabolic processes for higher lifeforms. Due to the lack of interactions with the 

adenine moiety, caFADS is able to turnover 2ApTP and form F2ApD. Although the 

turnover is at a much lower rate, this provides mechanistic insight to the catalytic activity 

of the protein. The new enzymatically produced F2ApD may prove to be a useful flavin 

derivative for imaging experiments or mechanistic studies requiring modifications to the 

adenine.  
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Figure 3.1. Reaction scheme for bacterial FAD synthetase is shown on top. The 

bottom panel shows a reaction scheme for F2ApD production.  
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Figure 3.2. Crystal structure of FAD synthetase isolated from S. cerevisiae PDB ID 

2WSI24 (left). Crystal structure of hexameric FAD synthetase isolated from C. 

ammoniagenes PDB ID 2X0K (right)16. 
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Figure 3.3. HPLC standards of 10 µM flavins on 250 mm x 4.6 mm Beta Basic 

column   
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Figure 3.4. Control reaction of caFADS using 100 µM ATP and 10 µM FMN at 37oC 

pH 8.0 in 50 mM Tris 5 mM MgCl2 
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Figure 3.5. Control reaction of hFADS2 with 100 µM ATP and 10 µM FMN at 37oC pH 

7.4 in 50 mM Tris 5 mM MgCl2 
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Figure 3.6. Reaction of caFADS/hFADS2 with 100 µM 2ApTP and 10 µM FMN at 

37oC pH 8.0/7.4 in 50 mM Tris 5 mM MgCl2 
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Figure 3.7. Pseudo-first order reactions of caFADS and hFADS2 using 1mM ATP or 2ApTP, 

0.010 mM FMN in Activity Buffer (pH 8.0 and 7.4 respectively). All reactions were run at 

37oC. 
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CHAPTER 4 

PHOTOPHYSICAL CHARACTERIZATION OF AN ENZYMATICALLY-

SYNTHESIZED DUALLY FLUORESCENT FAD COFACTOR 

4.1 Introduction 

Flavin adenine dinucleotide (FAD) participates as a redox cofactor in many 

mitochondrial flavoproteins, in which flavin can transfer either one or two electrons. 

Such pathways are prime targets for biomarkers because regulatory processes include 

apoptosis, oxidative stress response, and free radical generation1,2. FAD has been 

exploited as a biomarker and endogenous reporter of metabolic imaging because each of 

the redox states of the flavin exhibits unique spectroscopic characteristics. Flavin 

cofactors have been studied using two photon microscopy because of its intrinsic low 

autofluorescence and high spatial resolution1,3. Although the flavin ring system is 

emissive, the quantum yield of FAD is quite low (0.03)4. The ideal dually fluorescent 

imaging FAD or “iFAD” would enhance the emission of the flavin ring system while 

achieving efficient selective excitation of the donor chromophore, further eliminating 

background fluorescence.  

By exploiting Corynebacterium ammoniagenes FAD synthetase adenylation 

promiscuity (manuscript in progress), we have enzymatically synthesized and purified a 

novel dually fluorescent flavin dinucleotide analog (DF-FD). FAD synthetase efficiently 

adenylates flavin mononucleotide using ATP. By substituting 2-aminopurine riboside 

triphosphate (2ApTP), a new FAD analog, flavin 2-aminopurine (2Ap) dinucleotide 

(F2ApD), was isolated, see Figure 4.1 for structural comparison. This new DF-FD can be 
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selectively excited through the 2Ap molecule at max = 310 nm, a wavelength at which 

flavins have very low extinction. Free 2Ap emits with high quantum yield at 370 nm, 

which overlaps almost perfectly with the 370 nm transition of flavin (S0S1). This 

overlap is a prerequisite for resonance energy transfer from *2Ap:Fl2Ap:*Fl with 

resulting emission from *Fl at 520 nm5–10. Here we report the synthesis, purification, and 

photophysical characterization of F2ApD using steady-state absorption and fluorescence 

spectroscopies as well as its excited state photodynamics at the femtosecond timescale.  

4.2 Materials and Methods 

 4.2.1 Protein Purification 

 The Corynebacterium ammoniagenes FAD synthetase (CaFADS) plasmid was 

generously provided by Prof. M. Medina. The pET28a-(+) vector was transformed into 

BL-21(DE3) competent cells. These cells were grown in LB media and overexpressed 

using 1 mM IPTG after the cells had reached an O.D. of 0.6 at 600 nm. The cells were 

then spun down, homogenized in disruption buffer (50 mM Tris, 12 mM ME), 

incubated with 1 mg/mL of lysozyme (FisherSci), and then sonicated (Sonetek) with a ¼” 

tip for 8 minutes, 30 second on and 30 seconds off, at level 4. After pelleting the cell 

debris at 15000 xg for 30 minutes, ammonium sulfate (AmSO4) was added to a final 

concentration of 35% (w/v). A 5 mL Hi-Trap phenyl sepharose column was used as a 

first round of purification of CaFADS. The protein mixture was loaded onto the column, 

washed with Buffer B (50 mM Tris, 20% AmSO4, 5 mM MgCl2, pH 8.0), and then eluted 

using a linear gradient of Buffer B to Buffer C (Buffer B with no AmSO4) over 20 

minutes. The collected fractions were then combined and buffer exchanged into Activity 
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-Buffer (50 mM Tris, 5 mM MgCl2, pH 8.0) and loaded onto a DEAE Sephadex A-25 

column. The column was washed with Buffer dsB (50 mM Tris, 5 mM MgCl2, 100 mM 

NaCl, pH 8.0), and the CaFADS was eluted using Buffer dsC (Buffer dsB with 500 mM 

NaCl)50mM Tris, 5mM MgCl2, 500mM NaCl pH 8.0)11. The protein was buffer-

exchanged into Activity Buffer and stored in -20o C. 

 4.2.2 CaFADS iFAD Reaction Conditions 

 In a 1.0 mL reaction volume 1 µM CaFADS was incubated at 37oC with 100 µM 

2ApTP (BioLog) and 100 µM FMN (Sigma) for two hours. Control reactions were ran 

with FMN and ATP, see Chapter 3. The reaction was stopped by heating the samples to 

100o C for 5 min. The sample was centrifuged at 15,000 xg to remove the CaFADS from 

solution before purification on a 250x4.6 mm Beta Basic HPLC column by an isocratic 

method consisting of 100% 5 mM Ammonium Acetate pH 6.0 doped with 20% HPLC 

grade methanol. A peak corresponding to F2ApD was collected, freeze dried, and stored 

in -20o C until used for further analysis.  

 4.2.3 Steady-State Absorption and Fluorescence Spectroscopy  

 All linear absorption measurements were carried out on Hewlett Packard 8452A 

Diode Array Spectrophotometer. Steady-state studies were carried out on a PTI 

fluorimeter (Birmingham, NJ). Excitation slits were kept at 2 nm to prevent 

photodegradation of the flavin and emission slits were kept at 3 nm to optimize the signal 

to noise ratio. The F2ApD samples were then resuspended in a 50 mM Tris, 100 mM 

phosphate buffer, or 50 mM HEPES buffers, pH 7.0. F2ApD in Tris buffer led to 

photoproducts/adducts when using 310 nm excitation, while 50 mM HEPES buffer 
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undergoes photo-oxidation at this wavelength. Therefore, all redox states of the flavin 

were studied in 100 mM phosphate buffer pH 7.0. 

Phosphodiesterase assays were performed using 2 µL of a 1 mg stock solution at 

23oC in 100 mM phosphate buffer pH 7.0. The phosphodiesterase C. durissus 

(Boehringer Mannheim Gmbh) was generously donated from Dr. Richard Waring.  

 4.2.4 Transient Absorption Spectroscopy  

A seed beam at 780 nm from a Ti:Sapphire laser (KLM, ~80 MHz) is amplified 

using a regenerative amplifier to produce a 1.5 μJ, 120 fs fundamental output at 250 Hz. 

This is then split to generate the white-light continuum (400-710 nm) probe beam by 

focusing (NA ~ 0.04) one part of the fundamental onto a slowly translating CaF2 crystal 

and the other part produces a pump beam at second-harmonic of the fundamental, 390 

nm, using a 2 mm type-I BBO crystal. While the angle between the pump and the probe 

beams focused at the sample is ~ 2°, their relative polarization is held at magic angle 

(54.7°). The pump-probe delay is set using a motorized delay rail that adjusted the path-

length of the pump beam to provide a delay range of up to 4 ns with a resolution of ~10 

fs. To build the difference absorption spectra, the sample is pumped at 50 Hz while data 

acquisition from a water cooled CCD detector (Andor, 256 X 1024 pixels) is performed 

at 100 Hz.  Data is then transferred onto the computer using in-house developed LabView 

software. Analysis of the data is performed using Origin 9, MATLAB, and global fitting 

analysis tool Glotaran12. 

For the chirp correction and fitting of the instrument response function (IRF), the 

cuvette sample solution is replaced with water. The high intensity pump beam induces an 

optical kerr effect (OKE) in the solution that refracts a fraction of the probe beam onto 
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the detector. Using the delay rail, the pump beam is made to sample the entire probe 

spectrum to enable building the cross correlation. This correction correlates well with the 

Glotaran software IRF fitting tool.  

4.3 Results and Discussion 

 4.3.1 Absorption and Steady-State Fluorescence Spectra 

 It is known that FAD synthetase will uptake flavin derivatives, however it will not 

turnover with other nucleotide triphosphates (CTP, GTP, TTP)11,13. We have used the 

fluorescent ATP analog 2-aminopurine triphosphate (2ApTP), hypothesizing that small 

changes to the adenine ring would be tolerated by FADS. The promiscuity of the 

adenylation active site proved sufficient to incorporate 2ApTP and adenylate FMN to 

make F2ApD. This is somewhat surprising because several hydrogen bonding contacts 

are removed upon the 2Ap substitution when compared to adenine binding in the crystal 

structure11,14. Nonetheless, this represents, to our knowledge, the first time FADS has 

been shown to take up a modified base nucleotide of any kind, and represents the first 

enzymatically-synthesized dually fluorescent FAD analog.  

The absorption spectra of F2ApD, FAD, and FMN are shown in Fig. 1. For sake 

of comparison the spectra have been normalized to 450 = 11,200 M-1cm-1. The most 

singular feature is the remarkably strong and well-defined extinction of F2ApD at about 

310 nm, which about 3-fold higher than the chemically-synthesized FAD and about 7-

fold higher than FMN for the same wavelength. Nevertheless, the S0S1 (S01) and S02 

transitions at ca. 450 and 370 nm, respectively, have comparable extinctions. Not 

surprisingly, the Ade UV absorption at ~265 nm is missing in the F2ApD spectrum. 
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Another significant difference in the UV occurs at ~225 nm, where the Ade analog 

confers about twice the extinction of either FMN or FAD.  

Clearly the unique spectroscopic differences between the F2ApD and FAD allow 

for exploitation of the 2Ap moiety, particularly in fluorescence as suggested above.  (see 

Figure 4.2a-b). The excitation spectra have been normalized at 446 nm for comparison.  

The relative intensities of the emission spectra (Fig. 2b) suggest that F2ApD 

stacking interactions are significantly different compared to FAD. To validate that the 

2Ap moiety is stacked with the isoalloxazine moiety a phosphodiesterase digestion was 

performed using a small aliquot of enzyme added to 1µM F2ApD or FAD. Figure 4.3 

illustrates that the 2Ap fluorescence increases upon cleavage of the phosphodiester bond. 

As a control, FAD digestion was performed and shows the expected emission increase at 

520 nm. The assay was completed over the course of 2.5 hours. 

Control experiments were conducted to calculate the degree of quenching using 

free FMN in simple solvent as a secondary emission standard. Solutions containing 1 µM 

FMN + 1 µM 2ApTP showed no signs of fluorescence quenching due to intermolecular 

stacking, as evidenced by the high emission intensity of the *2Ap chromophore. Compare 

this to *FMN or *FAD emission with ex = 310 nm. The emission intensity is negligible, 

in good agreement with previously reported quantum yields of oxidized flavin 

fluorescence15–17. Contrary to expectations, there is no evidence of strong energy transfer 

in F*2ApD. Excitation at 310 nm shows quenching of *2Ap emission by more than a 

factor of five, but there is no compensating *Fl emission at 520 nm. In fact, the emission 

intensity of *(F2ApD) at 520 nm is just slightly more than that of FMN itself. A possible 

quenching mechanism of stacked *F2ApD is photoinduced electron transfer between the 
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*2Ap moiety and the isoalloxazine ring system, Fl*2Ap  Fl-2Ap+ Fl*2Ap. 

Another possibility is that energy transfer occurs but PET follows immediately with 

Fl*2Ap  *Fl2Ap  Fl-2Ap+. Indeed, it is also possible that interactions between 

Fl and 2Ap engender the formation of a conical intersection with subsequent ultrafast 

population relaxation from SnS0 (n = 1,2). It was necessary to perform ultrafast 

transient absorption measurements of the F2ApD molecule to ascertain the quenching 

mechanism. 

Stacking in FAD and F2ApD were computed as follows.  The count intensity of 

the centered around 525 nm for F2ApD is indicative of a 40% stacked population, see 

equation 1. Taking the ratios of the 450 nm intensity when monitoring emission at 530 

nm yields 80% stacked FAD and 40% stacked F2ApD when compared to FMN emission. 

It is important to note that the equation and calculation described assumes that the 

quantum yields for the stacked and unstacked population of F2ApD are equivalent to the 

quantum yields for the FAD stacked and unstacked populations relative to FMN. This is a 

preliminary assumption and future experimentation is required to calculate a relative 

quantum yield to quinine sulfate (a well characterized chromophore typically used in 

quantum yield calculations18).  

 

𝑆𝑡𝑎𝑐𝑘𝑒𝑑% =  
𝐹𝑙 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦530 𝑛𝑚

𝐹𝑙 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝐹𝑀𝑁 530 𝑛𝑚
 

Equation 1. Calculating the percentage of stacked versus unstacked flavin 

populations.  
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To examine the temperature dependence of stacking, the fluorescence emission 

spectra were measured at both 4oC and 20oC. The data shows that there is a collisional 

thermal quenching effect on fluorescence. We had expected to see an increase in 

fluorescence as stacking decreased with increasing temperatures. Our data shows that 

fluorescence decreases as temperature increases.   

 4.3.2 Time-Resolved Ultrafast Transient Absorption 

 To further examine the evolution of *F2ApD, we measured its ultrafast dynamics 

using transient absorption (TA) spectroscopy. As a reference, TA data of 200 µM FMN 

in 100 mM phosphate buffer pH 7.0 was obtained at a pump wavelength of ~390 nm. The 

surface plot in Fig. 4 shows the smooth, slow decay of *FMNOX. Of note, as they appear 

in subsequent decays, are the characteristic *FMN ground state bleach (GSB) at 450 nm 

with a ~A = -0.01 persisting throughout the 3 ns scan range. Equally prominent are 

excited state absorptions (ESA) at ~350 and 505 nm. These ESAs are the result of 

transitions from S1S2,3,4,5… giving ESA features at 2000 (not observed), 675, 450, and 

350 nm. 

 The data were fitted to a two state sequential model, the simplest possible model 

that yielded a good fit. The lifetimes of the two states were 1 = 5.4  0.39 ps and 2 > 3 

ns (described as “long”). The 5.4 ps component is attributed to internal conversion of the 

S2 to S1 state while the long component is attributed to radiative decay from the S1 state, 

see Figure 4.4.  

The FADOX excited state kinetics were fit to a two state parallel model where the 

starting populations were set to represent 80% stacked and 20% unstacked 
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conformations. The lifetimes assigned to each state were 6 ± 0.14 ps for the stacked 

conformation and > 3 ns for the unstacked conformation. The quenching mechanism of 

the stacked conformation has long been associated with photoinduced electron transfer. If 

this were the case, then the spectrum of the radical adenine intermediate (cation or 

anion19,20) should appear in the TA data. No evidence for this species is seen in our data 

(see Figure 4.5), suggesting that a more likely explanation is an ultrafast transit through a 

conical intersection for the stacked populations. This result agrees well with the 

conclusion of Zhong et al 21. We have also found this to be the case for FADOX (see 

Chapter 2). 

 The *F2ApD TA data was fit to a two state parallel model like the *FAD kinetic 

model. One exponential decay was assigned to a 60 % unstacked conformation yielding a 

long lifetime. The other 40 % (stacked) population gave a fast 1.8 ± 0.018 ps lifetime. 

The 1.8 ps lifetime reveals what may be the charge transfer state between the 2Ap and 

flavin moiety, see Figure 4.622–24. In Figure 4.6, one can clearly see a shift in the excited 

state absorption maxima and a positive broad absorption band at ~560 nm. It has been 

proposed that DNA base stacked *2Ap can decay via an exciplex dependent dark state, 

conical intersection, or a bright state, radiative decay24. The kinetic model for the work 

presented here represents a stacked and unstacked conformation system of *F2ApD; 

therefore, we propose that the stacked population follows a relaxation pathway similar to 

the base stacked population of *2Ap leading to a conical intersection yielding a charge 

transfer state. The long component associated spectra resembles that of an unstacked 

flavin (FMNOX ).  
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4.4 Conclusions 

 The photophysical properties of a new dually fluorescent flavin adenine analog 

dinucleotide, F2ApD, in the oxidized form have been reported here. Characteristic and 

significant absorption of 2Ap at 310 nm affords for selective excitation of this potential 

energy transfer donor. However, steady-state fluorescence spectroscopy shows quenching 

of the *2Ap moiety and a very small increase in emission from the isoalloxazine ring. 

Ultrafast transient absorption studies revealed two relaxation pathways similar to that of 

the *FAD kinetic model. The unique feature of the *F2ApD fast component is the broad 

spectroscopic feature around 560 nm indicating charge transfer. We attribute the 

quenching of the *2Ap emission to a dark state conical intersection decay pathway 

yielding a charge transfer state.  Regrettably, F2ApD may not hold much promise as an 

iFAD in photolyase because the 2Ap group is so quenched upon stacking interactions. 

However, the F2ApD may live up to this role in FAD-dependent proteins where the 2Ap 

and flavin are no longer stacked. This promise remains to be realized.   
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Figure 4.1. Flavin Adenine Dinucleotide. Room temperature absorption spectra of flavin 

mononucleotide, flavin adenine dinucleotide, flavin 2-aminopurine dinucleotide, and flavin 

ethenoadenine dinucleotide in phosphate buffer. The extinction at 307 nm and 310 nm is 

significantly higher for the modified flavins than that of the naturally occurring flavins. The 

isoalloxazine absorbance features are nearly identical for all four flavins. 
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Figure 4.2. Excitation and emission spectra of FMN, FMN+2ApTP, FAD, and F2ApD 

in the oxidized form. The buffer system for all samples was 100 mM phosphate pH 7.0. 

Emission spectra were measured using an excitation wavelength of 310 nm. Excitation 

spectra were measured monitoring emission from the flavin ring system at 530 nm. All 

spectra plotted were collected at 4oC to avoid collisional quenching exhibited at 20oC.  
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Figure 4.3. Phosphodiesterase digestion of F2ApD (top) and FAD (middle) monitored 

by steady-state emission. After 2.5 hours there was no additional increase in emission 

intensity. The bottom graph shows that emission at various digestion times for each 

molecule. 
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Figure 4.4. Transient absorption data of 200 µM FMNox in 100 mM phosphate buffer 

at pH 7.0 
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Figure 4.5. Transient absorption data of 200 µM FAD in 100 mM phosphate pH 7.0 
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Figure 4.6. Transient spectra of 100 µM F2ApD in 100 mM phosphate pH 7.0 
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CHAPTER 5 

RECONSTITUTING AN iFAD INTO A FLAVOPROTEIN: MECHANISTIC 

INSIGHT FOR THE ROLE OF ADENINE IN DNA REPAIR  

 

5.1 Introduction  

 

E. coli DNA photolyase is a 54 kDa monomeric DNA repair flavoprotein (Figure 

5.1 a crystal structure of A. nidulans photolyase co-crystallized with substrate bound). 

This enzyme is responsible for repairing UV-damaged DNA lesions called 

cyclobutylpyrimidine dimers (CPDs, or T<>T when both pyrimidines are thymidines). 

These T<>T dimers are bound as substrate to the enzyme and then repaired via a 

photoinduced electron transfer mechanism catalyzed by a fully reduced anionic flavin, 

FADH-. EcPL also contains an antenna cofactor methenyltetrahydrofolate (MTHF) that is 

not essential for catalysis but can improve the efficiency of repair under light limiting 

conditions1,2. Although the catalytic cycle for this enzyme has been solved the reaction 

intermediates are still highly debated3–5. Computational studies indicate that the FAD 

adenine mediates the electron transfer process via a virtual intermediate6–8. 

 Reconstitution studies with its native chromophore FAD and non-native FAD 

have been successfully performed in our laboratory earlier. This is the first report of a 

catalytically competent reconstituted apo-PL using an enzymatically-synthesized iFAD, 

F2ApD, to make a new photolyase, ApPL. 
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5.2 Materials and Methods  

 5.2.1 Preparation of Apo-Photolyase 

 E.coli DNA photolyase was overexpressed in MS09 cells purchased from the 

Yale University Cell Bank. The holo-protein was overexpressed and purified according to 

Gindt et al.10. Fifty mgs of  purified EcPL was processed to make chromophore-free 

apoPL following the procedure of Jorns et al.11,12 with a yield of about 40%. Apo-protein 

should be used right away for best reconstitution yields. If experimentation with apo-PL 

is not performed immediately after production of apo-PL, then the enzyme should be 

stored in a 1:1 molar ratio of FAD and Calf Thymus DNA at -80oC. This procedure 

preserves apo-photolyase for up to 4 years.  

 5.2.2 Reconstitution of Apo-Photolyase  

 The reconstitution of apo-photolyase was carried out at 4oC in 50 mM phosphate, 

10 mM ME, 50% ethylene glycol, pH 7.0. The modified cofactor F2ApD was added in 

a 1:1 molar ratio of flavin to apo-protein (~20 µM). This solution was left to incubate for 

16 hours followed by purification on a 5 mL High Trap Blue Sepharose column 

following Gindt et al.10. The reconstituted protein, ApPL, was concentrated and buffer 

exchanged into Gindt Buffer A (50 mM HEPES, 50 mM NaCl, 10 mM ME, 10% 

glycerol, pH 7.0). Freshly concentrated ApPL, up to 5 µM, was used immediately for 

CPD repair assays or other characterization experiments.   

 5.2.3 Repair Assay 

 The repair assay was conducted in repair buffer: 25 mM HEPES, 25 mM NaCl, 5 

mM ME, and 5% glycerol. The concentration of ApPL was 2.5 µM and the 
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concentration of CPD was 32 µM, greater than 10 times the 1 µM KM for holo-

photolyase13, to provide pseudo-first order kinetics. Under these conditions the enzyme 

would be operating at Vmax, however this is based on the assumption that KM  would not 

vary much from holo- or FAD-reconstituted photolyase (r-PL). It is important to note that 

this assumption has already been tested with chemically-synthesized FAD/apo-PL 

system, and that KD,  KM , and kCAT were not significantly modulated9. However, due to 

time constraints it was not possible to measure the KD for ApPL at this time.  

𝑘𝑐𝑎𝑡 =  
𝑉𝑚𝑎𝑥

[𝐸𝑇]
 

Equation 1. Turnover kinetics under steady-state approximation. 

The sample was purged with nitrogen gas for 30 minutes and then irradiated with 

365 nm light (10.5 mW) in a 2 mm path length quartz cuvette in an ice bath for 15 

minutes. Purged, reconstituted CPD was added (see next section for CPD generation and 

purification) to the irradiated ApPL and absorption spectra were taken at various 

irradiation time intervals to monitor repair at 266 nm. The extinction difference of CPD 

to repaired parent for the sequence used was ~19,000 M-1cm-1 (Integrated DNA 

Technologies), see equation 2 for fraction repaired calculation.  

 ∆𝐴 =  ∆𝜀∆𝑐𝑙  

∆𝐴266𝑛𝑚 =  log (
𝐼0

266𝑛𝑚

𝐼266𝑛𝑚
) 

Equation 2. Calculating fraction of CPD repaired5.  
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 5.2.4 CPD generation and purification 

 The ssDNA used for the assay was 5’-CGTTGC-3’ (“6mer”, IDT, Inc.). A 240 

µM aliquot was irradiated with a 150 W Xe-arc lamp for 20 minutes in a 2 mm quartz 

cuvette containing 15% (v/v) acetone to generate the CPD. The cuvette was placed in an 

ice water bath in a Pyrex beaker which was then placed in a secondary Pyrex container. 

This mixture of parent and CPD was then purified using an Intersil ODS-2 reverse phase 

150 x 4.6 mm HPLC column. Solvent A of the mobile phase consisted of 100 mM 

triethylammonium acetate doped with 8% acetonitrile pH 7.0. Solvent B was 100% 

acetonitrile. The separation method is an isocratic flow of 1mL/min 100% solvent A for 

15 minutes, then a linear gradient to 80% Solvent A over 5 minutes.  

 5.2.5 Spectroscopic Methods 

 All linear absorption measurements were carried out on Hewlett Packard 8452A 

Diode Array Spectrophotometer. Steady-state studies were carried out on a PTI 

fluorimeter (Birmingham, NJ). Excitation slits were kept at 2 nm to prevent 

photodegradation of the flavin and emission slits were kept at 3 nm to optimize the signal 

to noise ratio. The ApPLsamples were measured in a 50 mM HEPES, 50mM NaCl, 

10mM BME, 10% glycerol buffer at pH 7.0. A wavelength of 310 nm excitation was 

used for emission scans, as excitation at 450 nm yielded no fluorescence. All excitation 

scans were obtained monitoring emission at 370 nm because there was no appreciable 

emission around 530 nm (flavin). It was later discovered that HEPES buffers undergo 

photo-oxidation at this wavelength. Therefore, it is important to repeat these experiments 

in phosphate buffers.  The steady-state CPD repair assay was carried out in repair buffer: 

25 mM HEPES, 25 mM NaCl, 5 mM ME 5% glycerol.  
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5.3 Results and Discussion  

 F2ApD was successfully reconstituted into E.coli apo-photolyase. This 

flavoprotein in its wild-type conformation contains a methynltetrahydrofolate (MTHF) 

antenna and catalytic FAD cofactors14,3,15. These natural chromophores were removed 

following established protocol by Jorns et al.  and the apo-protein was reconstituted with 

F2ApD in a 1:1 molar ratio16. This “mutant” PL was nicknamed “ApPL”, 

To assess reconstitution under these conditions, the UV/vis baseline-corrected 

absorption spectrum of ApPL is shown in Figure 5.2. The F2ApD cofactor has a 

maximum at 450 nm with A450~0.056. This corresponds to 25 µM ApPL. The absorbance 

of the protein was higher, A274 ~1.8 due to 14 Trp residues. ApoPL has an 274~105 M-

1cm-1. From our earlier work, F2ApD has an  30,000 M-1cm-1. For pure ApPL (i.e. 

no apo-protein), his preparation has A274/A450 = 32, 

which indicates that there was about 87 µM apo-PL remaining. We do not know whether 

this is due to the loss of F2ApD from the ApPL or whether this represents the true 

reconstitution yield (~29%). Corroborating this estimate is the appearance of the 

spectrum in the 450 nm region. As was shown earlier, FADOX in solution has weak 

vibronic structure, but in rPL the vibronic structure sharpens considerably, indicating 

tight binding between the apo-PL and the FAD. The vibronic structure of the F2ApD-

reconstituted apo-PL was more modest but sharper than the FADaq case. A 29% 

reconstitution yield is quite promising because typically reconstitution yields for the 

FAD/apo-PL system range from 10%-50% but require a 20-fold FAD molar excess. 
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 ApPL was then assayed for CPD repair. 2.5 µM of ApPL was made anoxic and 

photoreduced using 365 nm light for 15 minutes. Substrate 6mer CPD was added using 

an air-tight syringe. The enzyme:substrate mixture was irradiated at 365 nm over 4 

minutes while monitoring any absorption increase at 266 nm, indicative of CPD repair. 

The parent strand extinction at 266 nm is 51,000 M-1cm-1 while the CPD has an extinction 

of approximately 32,000 M-1cm-1. The kCAT for ApPL is 3.1 min-1. This was calculated by 

taking the total fraction of repaired CPD and dividing this value by the time at which the 

amount of CPD was repaired. This was taken as Vmax because the substrate is in excess of 

the enzyme, therefore saturating the enzyme substrate complex. Vmax is then divided by 

the enzyme concentration, see Equation 1. The fraction repaired was determined by 

monitoring the increase in 266 nm absorption and confirmed by HPLC analysis, see 

Figure 5.3. The rate constant and rate of repair is consistent with previously measured r-

PL, kCAT is 4 min-1 9. Even though this is a steady-state assay of the overall repair yield 

and rate, it appears that substitution of 2Ap for Ade does not affect the overall turnover 

number. Nonetheless, the effect, if any, on kET, of this cofactor analog awaits ultrafast 

measurements. It is extremely important to note that the use of HEPES buffers should 

NOT be used for irradiation studies. The peak broadening seen in the HPLC trace of 

Figure 5.3, indicates that HEPES generates photooxidation17 products and can affect the 

retention times of CPD and parent peaks. Future measurements should be conducted in 

phosphate buffer. Tris buffer controls have been shown to affect the 2Ap emission 

(perhaps reactivity with the buffer amines). 

 The steady state fluorescence spectra taken at 4 and 20C seem to indicate that 

ApPL has very different photophysical compared to F2ApD in solution. In ApPL, the 
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flavin emission is completely quenched and the 2Ap emission very much attenuated 

(Figure 5.4). This flavin fluorescence quenching could be caused by photoinduced 

electron transfer from the *2Ap moiety. One might assume that this would imply that the 

rate of electron transfer should be affected. However, F2ApDOX is not the catalytic redox 

state of photolyase. We are in the process of performing fluorescence studies on 

*F2ApDH- to see if this quenching pattern persists in the reduced form.  

5.4 Conclusions 

 Here we have shown that F2ApD has successfully incorporated into Ec DNA 

photolyase apo-protein and that it is catalytically active. This will be a promising FAD 

analogue to deeply explore the role of adenine in  DNA repair (photolyases) and blue-

light signal transduction (cryptochromes).  
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Figure 5.1. Crystal structure of A. nidulans DNA Photolyase (PDB ID 1TEZ18) with 

FAD cofactor shown in yellow and CPD substrate analogue, shown in pink. 
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Figure 5.2. Absorption spectra of 5 µM ApPL 
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Figure 5.3. CPD repair by ApPL carried out at 25oC (CPD control and Parent control 

were obtained by Munshi et al., manuscript submitted).  
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Figure 5.4. Steady-state fluorescence spectra of ApPL at 4 and 20C. Emission spectra 

(light solid lines are 10x of the corresponded dotted lines) were taken at ex=310 nm. 

Excitation spectra were taken with em=370 nm. 
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