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ABSTRACT
Repair mechanisms for damaged DNA are essential for the proliferation of nearly all
forms of life. Although DNA is quite robust, the vital information-storing molecule can
often be damaged from environmental exposures such as ultra-violet (UV) light.
Exposure to UV light can result in various types of mutagens creating structural damages.
One specific type of UV-induced damage is the creation of a cyclobutylpyrimidine dimer
(CPD). This specific type of lesion can be efficiently repaired by the flavoenzyme DNA
photolyase (PL).
DNA photolyase is an ancient protein found across kingdoms and plays a crucial
role in preventing mutagenesis and cell death. DNA photolyase is a monomeric
flavoprotein that utilizes blue light to repair UV-induced CPD lesions in DNA via an
electron transfer mechanism. All photolyases contain at least one flavin adenine
dinucleotide (FAD) molecule as the catalytic cofactor responsible for initiating the
electron transfer induced repair process. Flavin cofactors are intriguing because of their
unique ability to donate one or two electrons. The conservation of FAD and the unique
U-shaped configuration of FAD in PL led researchers to question if the adenine moiety of
the FAD molecule was essential in the DNA repair mechanism and generated a spectral
signature indicative of a radical adenine species.
The importance of the adenine moiety could be linked to structural changes
associated with environmental temperature. The rate of electron transfer is exponentially
dependent on temperature and DNA photolyase is found in organisms which thrive in
harsh environments that vary in temperature, pH, ionic strength etc. Photolyase presents a
unique opportunity to study the adaptations that are required for proteins to function in
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extreme environments where temperature dependent processes should show dramatic
differences.
We have used ultrafast transient absorption spectroscopy to compare the
similarities and differences in excited state dynamics of the FAD cofactor. Photolyase
isolated from the hyperthermophilic archaea Sulfolobus solfataricus (SsPL) is compared
to PL isolated from the mesophilic E. coli (EcPL). These results indicate differences in
the dynamics of fully reduced flavin between enzymes as a function of temperature. We
present evidence for charge separation in the FAD cofactor in the thermophilic enzyme
previously seen in computation studies of photolyase.
To investigate the excited state charge redistribution of flavin which is critical to
its role in nature, the charge redistribution of the precursors to flavin biosynthesis were
examined. Lumazine is a precursor in the biosynthetic pathway of flavins. As such,
lumazine could have served as an enzymatic cofactor prior to flavins. Lumazine has been
identified in biological processes, however it is not as prevalent as flavins. We utilize
Stark spectroscopy to examine the charge redistribution in excited state lumazine to
understand the driving forces which led nature to select flavin over its precursor
lumazine.
We have also examined the charge redistribution in the excited state of
Lumichrome (LC). LC is a photodegradation product of flavin, and thus serves as a
structural comparison to further understand the charge redistribution of excited state
flavin. We have found that LC has significantly less charge redistribution following
excitation, highlighting the importance of the conjugated π-system present in flavins but
lacking in lumichrome.
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CHAPTER 1
INTRODUCTION
1.1 Overview
Many enzymes require molecular cofactors to achieve catalysis. These cofactors and
coenzymes have been studied widely using a variety of techniques to understand their
role in sustaining life. Flavoproteins, those which bind flavin moieties, are a class of
enzymes that are ubiquitous in nature. They are involved in a wide range of biological
processes1 including redox enzymology, the circadian rhythm of plants and animals2 and
DNA repair.
A subset of flavoproteins use light as a crucial component to their function. One
such enzyme that serves as motivation for this work is the DNA repair enzyme DNA
photolyase (PL) which catalyzes the repair of UV-damaged DNA3. Photolyase is found in
all organisms up to (but not including) placental mammals4 and is particularly vital to the
survival of single celled organisms due to the catastrophic nature of UV-damaged DNA.
Crucial to the function of PL is a non-covalently bound flavin adenine
dinucleotide (Figure 1.1) which catalyzes repair of the lesion following absorption of
blue light.3 This reaction has been widely studied by our group5-6 and others7-9, however
many questions remain unanswered. The catalytic FAD cofactor is conserved across all
known DNA-photolyases. However, PL is active across a wide range of environmental
conditions that vary in temperature, pH, ionic strength etc.
Structural adaptations are considered necessary for enzymes to adapt to extreme
environments.10-11 Photolyase presents an opportunity to understand these adaptations due
to the homology seen in the primary sequences along with the conserved catalytic
cofactor and repair reaction.12-13 A key step in the repair process is a photoinduced
1

electron transfer from the excited state FADH- to the DNA-lesion. As discussed below
this step is exponentially dependent on temperature. This work examines differences in
the excited state dynamics of a mesophilic PL isolated from E. coli (EcPL) and contrasts
it against PL isolated from a thermoacidophilic archaeon Sufolobus solfataricus (SsPLQ39L).
To study the excited state dynamics of photoexcited FAD in EcPL and SsPLQ39L, we utilize ultrafast transient absorption spectroscopy. These results indicate
differences in the processes that occur within fully reduced photolyase following the
absorption of a photon. EcPL has been well studied using transient absorption by our
group and others.5, 14 However, SsPL-Q39L shows a different relaxation pathway from
the excited state. This work shows the temperature dependent variation in ultrafast
dynamics between mesophilic and thermophilic DNA photolyase, alluding to the
possibility of charge separation in the FAD cofactor of the thermophilic PL.
To understand the prevalence of flavin moieties in nature, this work first focuses
on the excited state charge redistribution of lumazine and lumichrome (Figure 1.6) which
may have filled a similar role in enzymes. Stark spectroscopy provides unique insight
into the electronic structure of these molecules following optical absorption. The analysis
of Stark spectra provides information of the difference dipole between the ground and
excited states along with information on the polarizability of a molecule. Coupled with
computational methods, Stark spectroscopy can give insight into the ways in which
molecules respond to the absorption of light and are modified by the environments found
in proteins.15

2

Lumazine is a precursor in the biological synthesis of all flavins, and thus could
have served as a precursor to flavin as an enzymatic cofactor.16 However, lumazine is not
prevalent in nature and has only been identified as a light-activated cofactor in a handful
of cases.17-19 Lumichrome is a photodegradation product of flavins and is comprised of a
core alloxazine ring. In this thesis we hypothesize that comparison of the excited state
charge redistribution of flavin20, lumichrome and lumazine will provide insight into the
key electronic components that give rise to flavin’s excited state dynamics. This work
provides a unique opportunity to help understand the driving force that led to flavin’s
ubiquity in nature over structurally and photo-physically similar compounds.
1.2 Flavins and Flavoproteins
1.2.1 Flavin Structure and Function in Nature
The core structure that defines “flavin” is the 7,8-dimethylisoalloxazine tricyclic ring
system containing a fused xylene, pyrazine, and pyrimidine ring (Figure 1.1). This class
of molecules is widely distributed throughout nature as cofactors and substrates for many
enzymes.1 Flavins can undergo both one and two-electron redox reactions, allowing for a
wide variety of function in enzymatic processes.21
Riboflavin (vitamin B2, RF) contains a ribityl chain attached to the N-10 position
of the isoalloxaine ring system. RF is a necessary component of life for all known
organisms. Plants and most organisms synthesize riboflavin through a series of complex
enzymatic reactions. Animals cannot synthesize RF and require input through diet.22-23
RF is the basic scaffold on which other flavin moieties are synthesized in the cell. Flavin
mononucleotide (FMN) results from the addition of a phosphate group to the terminal
hydroxy group of the ribityl chain. Flavin adenine dinucleotide (FAD) consists of an
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adenosine diphosphate moiety attached to the ribityl chain. Together, these three
molecules represent the most prevalent molecules of the flavin class. Other compounds
are active in nature including deazaflavin but are not as ubiquitous in nature as FMN or
FAD.
The ubiquity of flavins in nature is due to the isoalloxazine moiety which can
exist in three different redox states (Figure 1.2, see following section). This allows flavins
to undergo one- and two-electron reduction and transfer either one- or two-electrons to an
acceptor. Each redox state can also be found in the cationic, neutral or anionic state
further widening the chemical ability of flavins. Protein environments can tune the redox
state and crucially the reduction potential of flavins to fit the needs of the organism.24-26
FAD is the dominant form of flavins in flavoproteins (~60%), generally found as a noncovalently bound cofactor, while FMN is found as a cofactor in the remainder of
flavoproteins.
1.2.2 Redox States and Absorption Spectra of Flavins
As referenced above, the isoalloxazine ring of flavin moieties can exist in many redox
and protonation states. In solution at neutral pH, flavins are generally found in the neutral
oxidized form. These solutions have a yellow hue, with characteristic absorption between
300 nm-500 nm (Figure 1.3). When the oxidized form is bound to a protein the broad
relatively featureless absorption spectrum becomes structured, allowing one to easily
identify the presence of a flavoprotein. The one-electron reduced flavin semiquinone
(SQ), while not stable in solution, can be stabilized when present within a protein. The
absorption spectrum of the SQ redox state shows absorption between 550 nm-700 nm,
giving solutions with protein in this state a dark blue color. The fully reduced, flavin
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hydroquinone (HQ, FlH- is the anionic form of the hydroquinone) is characterized by a
broad and nearly featureless absorption spectrum (Figure 1.3). Due to the characteristic
absorption spectra of each redox state, reactions involving electron transfer and changes
in the flavin redox state can monitored spectroscopically.
1.3 UV Induced DNA Damage and Repair by DNA Photolyase
1.3.1 DNA Photodamage: Photoproducts and Cyclobutane Pyrimidine Dimers
The absorption spectrum of DNA is characterized by a broad featureless band centered
around 260-265 nm, extending out to 310 nm depending on the composition of the
sequence. Absorption of a photon at 265 nm wavelength can lead to several deleterious
photoproducts. These photoproducts include the 6,4-photoproduct, the Dewar
photoproduct, photohydrates and cyclobutane pyrimidine dimers (CPDs).27 These
photoproducts can lead to mutations, halts to transcription, and organism death.28
Both the CPD and 6,4-photoproducts are the result of cyclization reactions
between two adjacent bases. As the name implies, CPDs are formed between two
adjacent pyrimidine bases, most commonly formed between two adjacent thymines with
photoproducts formed between other pyrimidines occurring in lower yields (ie. C-T, C-C
or U-C).29 CPDs are characterized by the formation of a cyclobutane ring formed
between the 5-3’ and 6-4’ carbons of the bases (Figure 1.4). In this thesis we will focus
solely on the dithymine CPD substrate embedded in short DNA oligos.
1.3.2 CPD Repair by DNA Photolyase: A Photoinduced Repair Reaction
DNA repair is crucial to the survival of an organism and Nature has developed several
DNA repair mechanisms. One such example is DNA photolyase which catalyzes the
repair reaction of CPDs, and 6,4-lesions. Photolyases are found throughout all known

5

organisms up to (but not including) placental mammals, which instead use pathways such
as nucleotide excision repair to remove CPDs.3, 30
The DNA photolyases studied to date are monomeric proteins consisting of two
domains (Figure 1.5). The C-terminal DNA binding domain is largely α-helical and
contains the catalytically active FAD cofactor and is conserved in all photolyases. The Nterminus is an α/β domain which binds the second cofactor. This cofactor varies
depending on the organism from which the photolyase is isolated. The second cofactor is
generally thought to be a light harvesting antenna chromophore that transfers energy to
the catalytic FAD upon absorption of a photon.31 Deazaflavins, folates and even a second
FAD molecule have been found as the second cofactor.32 However, photolyase can
catalyze the repair reaction without the second cofactor present.
Photolyases from several organisms have been studied intensely over the years.
Broadly speaking binding of the CPD occurs in a light-independent fashion.
Photoexcitation of the catalytic FAD leads to an electron transfer from the FADH-* to the
CPD. The bonds of the CPD break in a sequential manner, reforming the undamaged
bases. The electron is then transferred back to the FAD and the substrate is released.5
For the photolyase to be catalytically active, FAD must be in the fully reduced
FADH- redox state. Following the first electron transfer, the semiquinone FADH· is
formed, resulting in a spectral change which can be identified spectroscopically. The
formation of the double bonds following electron transfer also increase the extinction
coefficient of the DNA substrate by ~19,000 M-1cm-1 allowing for the reaction to be
monitored at 260nm.33
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1.4 Extremophiles
Extremophiles are organisms that thrive in environments which are detrimental to most
organisms. Environmental conditions such as high or low temperature, acidic, alkaline or
highly saline water can be deleterious to many organisms; however life can be found. The
study of extremophiles has increased greatly over the past few decades, with much
research going into how organisms survive such harsh conditions. Extremophiles also
represent an interesting model for how life first evolved on Earth, and how life could
evolve on extraterrestrial planets that are considered hazardous to life.34
1.4.1 DNA Photolyase as a Model to Study Extremophiles
Prior to the development of the present-day atmosphere, high UV flux in the UVC (100
nm-280 nm) and the UVB (280 nm-350 nm) was present.35 Due to the susceptibility of
DNA to photodamage from UV light, DNA repair was crucial to the survival of early
organisms. DNA photolyase presents a unique view into the way organisms evolved to
survive the harsh UV rays.
DNA photolyase also presents a unique avenue into understanding how organisms
survive in extreme environments. DNA photolyase has been isolated from several
extremophile organisms, included organisms that thrive in arctic ice sheets at -4°C
(psychrophilic) and hot springs at 90°C (hyperthermophilic). It is generally thought that
thermophilic enzymes must be structurally rigid and compact to operate at extreme
temperatures, while psychrophilic proteins utilize flexible structures to adapt to cold
temperatures.36 We use DNA photolyase as a model system to understand this functional
differentiation due to the relatively high homology and conserved catalytic cofactor.
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Several of the steps in the repair reaction catalyzed by DNA photolyase are
temperature dependent. Of particular interest is the electron transfer step. The Marcus
equation of ET37 (equation 1.1) shows the exponential dependence on temperature.

𝑘𝐸𝑇 =

2𝜋
ℏ

|𝑒

−𝛽𝑟 2

|

1
√4𝜋𝜆𝑘𝑇

𝑒

−(ΔG∘ +λ)2
4𝜆𝑘𝑇

(eq 1.1)

1.5 Lumazine and Lumichrome as a Model to Study Flavin
As addressed above, FAD is utilized in many biological processes to mediate a variety of
redox reactions. Key to this chemical versatility is the isoalloxazine ring system.
However other molecules with similar structures are much less prevalent. Lumichrome, a
photo-degradation product of riboflavin, has an isoalloxazine structure almost identical to
the isoalloxazine ring of flavin (Figure 1.6) but has not been found to hold any biological
function to date. Lumazine is a pterin ring compound that resembles the isoalloxazine
ring of lumichrome without the xylene ring. A derivative of lumazine, 6,7-dimethyl-8ribityl-lumazine, has been found to be a cofactor in cryptochrome B of Rhodobacter
sphaeroides where it acts as an antenna molecule to transfer light energy to that enzyme’s
catalytic FAD cofactor. Neither lumazine or lumichrome, despite their relationship to
flavin, have been used by Nature for photo-induced electron transfer. What excited state
properties of flavin make it Nature’s choice for photo-induced electron transfer and other
photobiological roles over lumichrome and lumazine?
To address this question, we used Stark spectroscopy and computational methods
to measure the degree of charge redistribution upon photoexcitation for both lumazine
and lumichrome. A comparison of these results to those previously obtained for the flavin
chromophore provide insight into these questions.
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1.6 Experimental Techniques
1.6.1 Ultrafast Transient Absorption Spectroscopy
Transient absorption (TA) spectroscopy is a powerful technique to study processes that
occur extremely quickly upon photoexcitation and has been utilized to study biological
and non-biological systems.38-39 This technique measures the absorption/transmittance of
a sample as a function of excitation to study the dynamics of molecules in their excited
states. TA spectroscopy gives data on the excited state dynamics and reaction
mechanisms after photo excitation, such as internal conversion, intersystem crossing, and
electron/proton transfers.
A short laser pulse (pump) is used to excite a sample to higher electronic state
which is allowed to evolve over time. Following a time delay, another short pulse is used
to probe the sample. By adjusting the delay between the pump and probe beams, the
evolution of the excited state can be followed. The difference (ΔA) between the excited
sample (pumped) and the ground state (unpumped) can be calculated as a function of
wavelength and time.
1.6.2 Stark Spectroscopy
The perturbation of an externally applied electric field (𝐹⃑𝑒𝑥𝑡 ) on the absorption spectrum
of a molecule is known as the Stark effect.15 Stark spectroscopy takes advantage of this
physical perturbation to examine excited state electronic properties otherwise not
obtainable from experimental methods. Two parameters of interest derived from Stark
spectroscopy are the difference dipole moment (∆𝜇⃑𝑓𝑖 ) and the change in polarizability
(𝛥𝛼̿) between the initial and final states for a given absorption or emission transition.
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In Stark spectroscopy, spectral changes due to 𝐹⃑𝑒𝑥𝑡 are examined by measuring
the spectrum with and without the field applied. The change in an absorption or emission
spectrum due to an externally applied electric field is given by equation 1.2.
1
∆𝜈 = −Δ𝜇⃑ ⋅ 𝐹⃑𝑒𝑥𝑡 − 𝐹⃑𝑒𝑥𝑡 ∙ Δ𝛼 ⋅ 𝐹⃑𝑒𝑥𝑡 (𝑒𝑞 1.2)
2
For an absorption band in an immobilized sample, with random orientations of
∆𝜇⃑𝑓𝑖 with respect to the external field, the energy levels of different molecules shift to
higher and lower energies broadening the absorption band (figure 1.7). The difference
between the broadened spectrum in the perturbed system and the spectrum in the absence
of an external field is the second derivative of the absorption band. Interaction between
𝛥𝛼̿ and 𝐹⃑𝑒𝑥𝑡 results in an induced dipole moment within the sample, resulting in a
spectral shift to higher (blue) or lower (red) energies. This difference in the spectral shift
is the first derivative of the absorption band.
The Stark spectrum of a molecule in an applied electric field is a combination of
the second and first derivatives, weighted by their respective contributions. By fitting a
low temperature absorption spectrum to a series of gaussian functions, analytical
derivatives can be calculated to fit a set of Stark spectra and obtain a set of excited state
parameters that give insight into the charge redistribution of a molecule upon excitation.
A detailed explanation of data fitting will be outlined in chapter 2.
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Figure 1.1: Structure of flavins with core isoalloxazine ring, RF, FMN and
FAD.
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Figure 1.2: Oxidation states of flavins. Fully oxidized
(top), one-electron reduced flavin semiquinone (center),
and fully reduced flavin hydroquinone (bottom).
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Figure 1.3: Room-temperature absorption spectra of FAD plotted in extinction.
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Figure 1.4: Cyclization of adjacent thymine bases to form cis-syn cyclobutanepyrimidine dimer
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Figure 1.5: Structure of Anacystis nidulans photolyase (PDB: 1TEZ). A 14-base
pair oligo with synthetic CPD analog (green) is shown base flipped into the
protein binding pocket. The C-terminal α-helical domain (purple) contains the
catalytically active and conserved FAD (yellow). The N-terminal α/β domain
(blue) binds the light harvesting antenna cofactor (red). Figure customized using
ESCF Chimera.
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Figure 1.6: Structure of flavin, lumichrome and
lumazine.
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Figure 1.7: Representation of the changes in the electronic energy states due to an applied
electric field (𝐹⃑ ext).
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CHAPTER 2
A COMPARISON OF LIGHT-INDUCED CHARGE
REDISTRIBUTION IN FLAVIN AND LUMAZINE
2.1 Introduction
Lumazine (2,4-(1H,3H) pteridinedione, Lum) belongs to a class of biologically relevant
molecules called pteridines. The canonical system is composed of fused pyrimidine and
pyrazine rings (see Fig. 2.1). Lumazine and its derivatives are found in many organisms.
Of these, 6,7-dimethyl-8-ribiytl-lumazine (DMRL) has received the most attention. Two
DMRL molecules fuse together as the last committed step in riboflavin synthesis.16
DMRL also acts as a light harvesting antenna in Cryptochrome B from Rh. sphaeroides,17
and is used in bioluminescent organisms such as Photobacterium phosphoreum to shift
their blue luciferin emission to longer wavelengths through energy transfer.
Although it has not yet been found as a photobiological cofactor, photoexcited
Lum is of interest due to its potential as a fluorescent base analog for use as a DNA
probe,40 as an emissive ligand in metal-ligand complexes, and as a signature metabolite
found in honey produced by a singular species of New Zealand honeybee.41
Cyanobacteria show evidence for the photogeneration of reactive oxygen species from
triplet Lum that is deleterious to these cells.42 Lum peptide derivatives have also been
isolated from marine fungi.43
Our interest in Lum derives from our exploration of electronic excited states of
flavins (7,8,10-trimethylbenzo[g]pteridine-2,4-dione) in various redox and protonation
states. The structural similarity between the pteridine ring and the isoalloxazine ring of
flavin has been noted previously.44 Understanding the key differences or similarities in
excited state electronic properties between lumazine and flavin will lead to important
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insights into the evolutionary driving force away from lumazine to flavins as a favored
photobiological cofactor.
Using Stark spectroscopy to examine the electronic properties of the excited state
of lumazine, we show here that Lum undergoes greater charge redistribution than flavin
upon photoexcitation. This presents an interesting biological question: why did nature
readily utilize flavin molecules for photoinduced redox reactions when lumazine may be
sufficient? This suggests that the role of the xylene moiety in flavin is that of a molecular
capacitor. These results indicate the importance of the pteridine structure within flavins
and its contribution to the excited state electronic properties.
This question has been asked before and examined largely through
electrochemical studies.44-48 Stark spectroscopy provides a molecular level nuanced
picture of the degree and direction of charge redistribution upon absorption of a photon to
probe the electronic properties of molecules that are vital to the molecule’s ability to
participate in photochemistry.15
The electronic charge redistribution of Lum was obtained upon fitting the Stark
and absorption spectra. To support the assignments difference electron densities and
electronic properties were computed using QM/MM methods to assign absolute
directionally to the excited state and transition state parameters derived.
2.2 Materials and Methods
2.2.1 Absorption spectra
Lumazine (97% pure, 164.124 g/mol) was obtained from Sigma and used without further
purification. All solutions were prepared fresh in anhydrous ethanol (EtOH).
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2.2.2 Stark Spectrometer
A description of the Stark spectrometer has been reported previously.49 Briefly, a 300W
Xe arc lamp is filtered through a monochromator and polarizer to obtain linearly
polarized light. This probe beam is focused onto a cuvette consisting of two glass slides,
each coated on one side with indium tin oxide (100 /cm2 sheet resistance) and
submerged in liquid nitrogen. The path length is controlled using kapton spacers (50±1
μm) The transmitted light is focused onto a UV-enhanced silicon photodiode
(Hamamatsu S1336-44BQ). The change in light intensity (I) was measured by a lockin-amplifier (SRS 830) locked in on the AC applied electric field (TREK 609E-6) at its
second harmonic ( = 2.5 kHz) with a 300 ms time constant.
Stark spectra were taken between 300-400 nm, stepping in equal energy units of
84 cm-1/step. At 300 nm, this corresponds to a step size of 0.76 nm and at 400 nm
approximately 1.34 nm. The band pass of the monochromator was fixed at 2 nm. Each
spectrum represents an average of 4 scans. Spectra were obtained at two values of χ (58°
and 90°) and two different applied voltages (1200 and 1400 Vrms, or 1697 and 1980
V0→peak), resulting in four Stark spectra to fit. With a spacer separation of 50 μm the
applied electric fields were ~7x105 V/cm.
High quality low temperature absorption spectra are needed to analyze the Stark
spectra. These were obtained using the optical set-up for the Stark spectrometer with
slight modifications. The polarizer was removed and the sample cuvette was replaced
with a 200 μm path length uncoated quartz cuvette. A 1 kHz optical chopper was placed
between the monochromator and dewar window. A 200-proof ethanol blank was measure
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separately. The low temperature absorption spectrum was averaged over 10 scans with a
time constant of 300 ms.
2.2.3 Liptay’s Formalism of Electroabsorption
The analysis of the Stark spectra was carried out according to Liptay’s formalism.50 The
change in extinction coefficient due to an applied external electric field can be described
by the linear combination of the zeroth, first, and second derivatives of the unperturbed
energy-weighted absorption spectrum,

̅)
𝜀(𝜈
̅
𝜈

, shown in equation 1:
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𝑑𝜈̅
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where ε(𝜈̅ )/𝜈̅ represents the energy weighted low temperature absorption spectra
of an unperturbed sample. 𝐹⃑𝑒𝑥𝑡 is the applied electric field, and f is the local field
correction factor due to the solvent cavity formed by the solute molecule (estimated to be
1.6 for small molecules in ethanol20). χ is the angle between the applied electric field and
the electric field vector of the polarized probe beam.
Liptay showed that the coefficients Aχ, Bχ, and Cχ are related to the electronic
properties of the molecule. The Aχ term is related to the field-induced transition moment
polarizability and induced transition hyperpolarizability. This term also represents the
influence of the applied electric field on the reorientation of dipolar solute molecules. For
samples frozen in liquid nitrogen, reorientation due to 𝐹⃑𝑒𝑥𝑡 is minimal and this part of Aχ
is assumed to be negligible.
For immobilized isotropic samples, the Stark spectrum is dominated by the first
and second derivative, weighted by the Bχ and Cχ coefficients respectively. These terms
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give information about the changes in magnitude and direction for polarizabilities and
permanent dipole moments relative to the direction of the transition dipole moment, 𝑚
⃑⃑⃑ =
⃑⃑𝑓∗ 𝜇̂ 𝜑
⃑⃑𝑖 𝑑𝑠 starting in the initial ith (ψi) state and ending in the final state, f (ψf).
∫𝜑
Changes in the polarizability tensor are referenced to 𝑚
⃑⃑⃑ through
𝐵𝜒 ≈

5
3
1
𝑇𝑟𝛥𝛼̿ + (3 𝑐𝑜𝑠 2 𝜒 − 1) ( 𝑚
⃑⃑⃑ ∙ ∆𝛼̿ ∙ 𝑚
⃑⃑⃑ − 𝑇𝑟𝛥𝛼̿) (2)
2
2
2

where 𝑇𝑟𝛥𝛼̿ for ∆𝛼̿ = 𝛼̿𝑓 − 𝛼̿𝑖 , is the change in the mean polarizability between the final
and initial states in the transition, and 𝑚
⃑⃑⃑ ∙ ∆𝛼̿ ∙ 𝑚
⃑⃑⃑ is the component of the difference
polarizability tensor parallel to the transition moment of the molecule.
Changes in dipole moment, ∆𝜇⃑ = 𝜇⃑𝑓 − 𝜇⃑𝑖 , are defined by
𝐶𝜒 ≈ |𝛥𝜇⃑|2 {5 + (3 𝑐𝑜𝑠 2 𝜒 − 1)(3 𝑐𝑜𝑠 2 𝜁𝐴 − 1)} (3)
where 𝜁𝐴 is the angle between 𝛥𝜇⃑ and 𝑚
⃑⃑⃑. By taking spectra at two different angles of χ,
̿̿̿̿ ∙ 𝑚
equations 2 and 3 can be solved to obtain values for |𝛥𝜇⃑|, 𝜁𝐴 , 𝑇𝑟𝛥𝛼̿, and 𝑚
⃑⃑⃑ ∙ 𝛥𝛼
⃑⃑⃑. This
is accomplished by first fitting the low temperature absorption spectrum to a series of
Gaussian functions followed by a simultaneous fit of the analytical derivatives of these
Gaussians to the Stark spectrum.20
2.2.4 Theoretical Methods
The following computation results are prepared in collaboration with Vince Spata amd
Prof. Spiridoula Matsika.
The lumazine ground state energy minimum and geometry was found with
MP2/6-31G*. This geometry was the starting point for excited state single point
calculations utilizing the second order Algebraic Diagrammatic Construction (ADC(2))
method51 with the def2-TZVPD basis set.52 Energies, transition dipole moments, and
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oscillator strengths were calculated and the excited state character was qualitatively
assessed through the plotting of Natural Transition Orbitals (NTO’s).
In order to understand the effects of the environment, QM/MM simulations were
performed with electrostatic embedding (Chemshell software package).53 To equilibrate
the system, Molecular Dynamics was run with the NAMD parallel MD code54 with Lum
in the frozen MP2 geometry solvated in a box of ethanol using RESP atomic charges and
force field parameterization of the solvent as published on the Resp Esp DData Base
(R.E.DD.B.) by Dupradeau and coworkers (Project Code W 46 Organic Solvent).55-56 The
solvent box had the final dimensions of 40 x 40 x 40 Å3 and consists of 6,271 atoms,
Figure 2.2). The first solvation shell contains 17 ethanol molecules. At every point along
the exterior of the ring there are hydrogen bonding interactions with the solvent.
The simulations were run with 1 fs time steps and utilized a 12 Å cutoff with a 10
Å switching distance. Amber values were used for the vdW and electrostatic 1-4 scaling
factors. The Particle Mesh Ewald Summation method57 was used to calculate the longrange electrostatic interactions. To maintain the temperature a Langevin thermostat56 was
used with a collision frequency of 1 ps-1.
First the system was minimized and equilibrated in the NVT ensemble at 300 K
for 510 ps. Next the system was equilibrated at 1 atm pressure in the NPT ensemble
using a Langevin piston58-59 with a period of 200 fs and a decay of 100 fs. Subsequently
the simulation was run at 77 K for 1.5 ns.
After obtaining the final model system, QM/MM calculations were performed
with the ADC(2) and TD-B3LYP methods to evaluate the vertical energy, oscillator
strength, 𝛥𝜇⃑, 𝜁𝐴 , and 𝑇𝑟𝛥𝛼̿ (using TD-B3LYP). The basis used for ADC(2) single points
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was the same as for the gas-phase. To ensure better performance in the calculation of
second order properties we use the TD-B3LYP level of theory testing several Pople basis
sets (6-31+G**, 6-311++G**,6-311++G(2df,2pd),60-67 with SCF convergence set to E-10,
using a pruned grid of (99,590) and integral precision set to E-11. Turbomole68 and
Gaussian 0969 were utilized for the QM calculations. The MM code utilized for the
QM/MM calculations was Dl_Poly (included in Chemshell). VMD70 was used to view
and render images of the excited state densities and dipole moments. Matlab71 was
utilized to perform other calculations as required.
2.3 Results
2.3.1 Low Temperature Absorption and Stark Spectra of Lumazine
Extinction coefficients for lumazine were determined on solutions made by dissolving 1
(0.1) mg Lum in 10 mL of EtOH and diluted with EtOH to the desired concentration.
The room temperature maximum extinction of Lum was verified by UV-vis spectroscopy
using a Hewlett Packard 8452A Diode Array Spectrophotometer of ε = 6200620 M-1 cm1

at 325 nm. This agrees well with the literature value. The spectra show no concentration

dependence on spectral features (data not shown), indicating that no significant
dimerization occurs up to 1 mM.
The 298K and 77K absorption spectra of 1 mM lumazine in ethanol are shown in
Figure 2.3. At 298K (black line) the lowest energy optically allowed transition, centered
around 325 nm, is broad and featureless. The 77K spectrum (blue line, corrected for 25%
solvent contraction) is well-structured with a red-shifted absorption maximum at 335 nm
and a well-defined shoulder at 350 nm. Calculated error bars for the low temperature
absorption spectra are shown in Figure 2.4.
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Since derivatives of the energy-weighted absorption spectrum are required for the
analysis, the 77K spectrum was fitted to 7 Gaussians, the minimum needed to obtain
random residuals (Fig. 2.5). The Gaussians are initially distributed without a
preconception as to the number of electronic transitions making up the spectrum.
The energy-weighted Stark spectra of Lum (Figure 2.6) taken at T = 77K for χ =
58° and χ = 90°, show highly resolved apparent 2nd derivative line shapes. The lack of an
intensity dependence on χ across the spectrum suggests that the entire band arises from a
single transition. Further confirmation is found in that only a single set of A, B, and C
parameters is required for the fit (see below), corresponding to a single transition. The
fitted ∆𝜀⁄𝜈̅ are shown as solid lines. Errors for these data are shown in Figure 2.6.
The similarity between Stark spectra taken at two different values of χ (Figure 2.6,
error bars shown in Figure 2.7) indicates 𝜁𝐴 ~ 55 for this single transition. Simultaneous
fitting of the low-temperature and Stark absorption spectra gives 𝜁𝐴 = 60 (±19)°, with
randomly distributed residuals (Figure 2.8).
Figure 2.8 also shows the corresponding first and second derivatives of the fitted
absorption spectrum. The Bχ () and Cχ (µ) components are given as broken black
lines. The fit is dominated by the second derivative (Cχ), with the strongest Stark signals
centered around 348 nm and 335 nm highlighting inherent vibronic structure. Nonnegligible contributions from the first derivative (Bχ) are centered at 348 nm.
The main conclusion from the fit is that the lowest energy optical transition
(0→n) of significant oscillator strength has a |Δμ
⃑⃑𝑛0 | = 1.850.01(𝐷). The angle that
Δμ
⃑⃑𝑛0 makes with 𝑚
⃑⃑⃑𝑛0 is 𝜁𝐴 = 60 ± 19°. The mean difference polarizability is 𝑇𝑟𝛥𝛼
̿̿̿̿̿
𝑛0 =
10 ± 3Å3 .
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To assign the direction of Δμ
⃑⃑𝑛0 requires information about the transition dipole
moment, m
⃑⃑⃑⃑𝑛0 . To our knowledge there is no experimental determination of this quantity.
Even if 𝜁𝐴 is known, due to isotropic nature of the sample and the planar structure of
lumazine there are four possible Δμ
⃑⃑𝑛0 vectors that can satisfy 𝜁𝐴 . Here we rely on abinitio (ADC(2)) and time-dependent density functional theory (TD-B3LYP) calculations
to predict the direction of m
⃑⃑⃑⃑𝑛0, and to compute the electronic moments for a
complementary comparison with the Stark results.
2.3.2 Computational Results

To characterize the physical properties of lumazine in solution we have calculated the
vertical energy, oscillator strength, Δμ
⃑⃑, 𝜁𝐴 , and TrΔα
̿ to compare to the experimental
values, as presented in Table 2.1. The QM/MM results show agreement between ADC(2)
and TD-B3LYP values for the physical properties but the numbering of the first optically
bright state predicted by these methods differ. ADC(2) gives n = 1 as the first optically
accessible state, while TD-B3LYP gives n=2 as the lowest energy bright state; both
methods return the same ππ* character for the low-lying bright state.
Both methods overestimate the excitation energy by ~0.5 eV compared to the
experimental (0→1) origin at 348 nm (3.56 eV). |Δ𝜇⃑𝑛0 | is significantly overestimated by
both methods when compared to the experimental value of |Δ𝜇⃑10 |=1.9 D. The computed
𝜁𝐴 = 61∘ from both QM/MM ADC(2) and TD-B3LYP calculations agree well with the
experimental value of 60 (data not shown). The difference polarizability obtained by
QM/MM TD-B3LYP calculations also agrees with the Stark result within experimental
error. This result appears to be relatively insensitive to basis set (data not shown).
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Lumazine excited state character, as described by QM/MM calculations with TDB3LYP using NTOs (Figure 2.9b), illustrates that electron density shifts from the
pyrimidine ring in the direction of the N5-N1 loci with some additional density on C4 in
the pyrimidine ring. The character of the state is π-π* and the transition moment is
characteristic of π- π* states.
The directions of the TDDFT-computed and experimental moments for Lum and
flavin are compared in Figure 2.9. The strong agreement between the calculations and the
experimental result (2.9a) gives high confidence as to the nature of charge redistribution
upon excitation (2.9b) for Lum, affording a comparison with flavin.
The direction of the Δ𝜇⃑𝑛0 shows that the difference dipole undergoes a rotation of
~90 in going from Lum→flavin (Figure 2.9a and 2.9c respectively), even though the
angle, ζA, between the transition and difference dipole moments hardly changes. This is
so even when the angle between the transition moments and the long molecular axes are
taken into account (these are roughly the same for both molecules). This fundamental
difference in the direction of charge redistribution lie at the heart of whether lumazines
have been passed over in preference for flavins as photobiological cofactors.
2.4 Discussion
The goal of this study is to better understand why Nature utilizes flavins as
photobiological cofactors rather than lumazine, as illuminated by differences in their
excited state charge redistribution. Because of its simpler molecular structure, Lum would
most likely have been available earlier in evolution, but to date there is only one known
instance where a lumazine moiety (6,7-dimethyl-8-ribtyllumazine) is used for its
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photophysical properties, that of CryB where it is used to transfer light energy to the FAD
cofactor of that protein.17
To narrow the discussion, consider the photoreduction reaction of FAD by Trp
that takes places in all photolyases, *FAD-Trp→FAD•--Trp•+ where oxidized flavin is
reduced by a nearby Trp residue (but not protonated). The free energy for this reaction is
just GET=E(Trp•+/Trp)- E(Fl/Fl•-)-E00(*Fl), where electrostatic work terms have been
ignored. For E(Trp•+/Trp) = 1.0 V (vs. NHE),72 E(Fl/Fl•-) = -0.238 V, and E00(*Fl) =
2.60 eV ( = 476 nm) then GET = -1.37 V.
If lumazine were to undergo the analogous reaction, where E(Lum/Lum•-) =
0.193 V,73 and E00 = 3.60 eV (=345 nm) then GET = -2.79 V, more exergonic than that
for flavin photoreduction by tryptophan. Lum photoreduction with Trp as a donor should
be spontaneous, at least to the one electron reduced form. To pursue the Lum/flavin
comparison further it will be necessary to make definitive measurements on the reduction
potential and charge redistribution properties of reduced Lum.
The difference dipole moment and average difference polarizability of Lum for
the lowest energy optical accessible electronic transition is, surprisingly, about 15%
larger than that obtained for oxidized flavin in organic glasses or in flavoproteins (Table
2.2). This suggests that the degree of charge redistribution in flavin upon excitation to the
lowest-lying bright state originates from the Lum core. However, the
direction/redistribution of charge is profoundly affected by the addition of the xylene ring
in flavin.
Lum and flavin both share hole difference density across N1-C2, and the pyrazine
rings have roughly the same charge redistribution. The biggest difference is found in
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comparing the C4-C4a-N5 (Lum) and C4-C4a-N5-C10a (flavin) regions. In flavin,
electron density is borrowed from the xylene ring to generate a block of increased density
across C4-C4a-N5-C10a. This results in, roughly, a polarization of the molecule along the
long axis of its Lum core, a feature significantly less pronounced in Lum itself. The
Janus-like quality of charge redistribution in oxidized flavin may offer advantages over
photoexcited Lum with regard to charge transfer in photoredox proteins. Donors and
acceptors in a flavoprotein would be cleanly separated by the span of the flavin, reducing
spurious recombination events.
Another consideration is that of cofactor rigidity. The ability of a light-induced
cofactor conformational change can exert strong selective pressure. The most striking
example of this is rhodopsin,74 but photolyases are thought to utilize the N5-N10
“butterfly” bend for functional purposes. For example, while both oxidized and oneelectron reduced flavins are planar in both ground and electronically-excited states,
flavohydroquinone in solution is bent in the ground state but planar in the excited state.
This leads to a short excited state lifetime and a lack of fluorescence.75 However, FMN
and FAD conformation is often rigidly controlled by proteins that bind them.
Lumazine is a smaller molecule and therefore more rigid whereas flavin can
deform more easily due to increased electronic delocalization and conjugation in a larger
ring system. The larger size of the flavin molecule may also cause greater rearrangement
in the protein allowing for photocatalysis. Does rearrangement of the protein affect the
conformation of flavin and consequently act as a ET “switch”? Was flavin selected over
lumazine because of the advantages of a light-induced conformational function?
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In summary, Stark spectroscopic measurements on lumazine agree well with highlevel theoretical calculations. The close match between theory and experiment suggests
that the theoretical results are properly able to describe the excited state character derived
experimentally. When compared with oxidized flavin, Lum shows a 20% increase in
charge redistribution, even though it is significantly smaller than flavin. The xylene ring
of the flavins serves to redistribute charge such that FlOX becomes polarized across its
long molecular axis, while Lum lacks this feature. Further work is required to understand
why lumazine was unable to compete with flavin as a major biological chromophore.
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Figure 2.1: a) Oxidized lumazine (2,4-(1H,3H) pteridinedione) one- and two-electron reduced
states with conventional numbering around the ring. b) Lumiflavin (R=H) ring (7,8,10trimethylbenzo[g]pteridine-2,4-dione) redox states with conventional numbering.
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Figure 2.2: Optimized Lumazine structure shown in ethanol box used for
theoretical calculations.
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Figure 2.3: Low temperature (—) and room temperature (—) absorption spectra of
Lum in ethanol. The low temperature absorption spectrum was corrected for
ethanol solvent contraction upon freezing at 77 K (ca. 20. The maximum extinction
298𝐾
77𝐾
coefficients are 𝜀325𝑛𝑚
= 6200620 M −1 cm−1 , 𝜀335𝑛𝑚
= 6600660 M −1 cm−1 .
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Figure 2.4: Low temperature absorption spectrum of 1 mM lumazine in
ethanol shown with error bars. Spectrum is the average of 10 scans, each
composed of 100 data points from 300 nm to 400 nm. Error bars
calculated by the formula:
2

1

1

𝐸𝜆 2 = (ln(10)∗𝐼 ) 𝑠𝑡𝑑𝐼𝑜 2 + (ln(10)∗𝐼 )𝑠𝑡𝑑𝐼 2
𝑜

where I0 is the reference data (average of 10 scans), stdI0 is the standard
deviation in the reference data, I is the sample data (averaged over 10
scans), stdI is the standard deviation in the sample data.
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Figure 2.5: Absorption spectrum of 1 mM Lum in ethanol (•) at 77K fitted with
seven Gaussians (⎯), and their sum (____).
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Figure 2.6: Energy weighted experimental Stark spectra of 1 mM Lumazine in ethanol
taken at 77 K. Two experimental angles of χ are shown.
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Figure 2.7: Stark spectrum of lumazine in ethanol showing
representative error bars. Spectrum is the average of four scans
composed of 100 data points taken from 300 nm to 400 nm. Error bars
were calculated using the formula:
2√2 ∆𝐼(𝐹)

2√2

𝐸𝑟𝑟𝑜𝑟 = (2.303𝑐𝑙 𝐼 2 )2 𝐼0 𝑠𝑡𝑑 2 + (2.303𝑐𝑙 𝐼 )2 𝐼𝑠𝑡𝑑 2
𝑜

0

where ΔI(F) is the field induced change in transmission through the
sample, I0 is the transmission through the sample in the absence of the
field, c is the concentration of the sample corrected for solvent
contraction, l is the pathlength of the cuvette, I0std is the standard
deviation calculated from the average of 10 scans, and Istd is the
standard deviation calculated from the average of 10 scans.
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Figure 2.8: Stark spectra taken at =58 (−) and 90 (−) along with
the analytical fits (solid lines). Shown in black are the B90 (…) and
C90 (- - -) weighted 1st and 2nd derivatives of the fit, respectively.
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Figure 2.9: a) The experimental (solid blue) and TD-B3LYP/6-311++G** (dashed
green) NTO Δ𝜇⃑10 of Lum. The dashed red double-headed arrow is the computed
transition moment. b) The calculated TD-B3LYP/6-311++G** difference density,
where blue indicates excess electron density and red indicates electron-deficient
regions. c) The experimental49 (solid blue) Δ𝜇⃑10 and 𝑚
⃑⃑⃑10 (dashed red)76 of
lumiflavin. d) The calculated TD-B3LYP/6-311+G* (d,p) difference density for
lumiflavin. Here purple is negative and pale red is positive difference density,
respectively.
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Table 2.1: Comparison of computational and experimental electronic structure constants.
Calc/Expt

State

En0 (eV)

fOSC*

⃑⃑⃑⃑⃑⃑𝒏𝟎 | (D ‡)
|∆𝝁

|𝒎
⃑⃑⃑⃑𝒏𝟎 | (D)

ζA (o)

3
̿̿̿̿̿
𝑻𝒓𝜟𝜶
𝒏𝟎 (Å ‡)

ADC(2)

S1

4.02

0.17

3.74

3.31

60.6

NA

TD-B3LYP+

S2

4.03

0.14

2.86

3.02

61.2

24.1

EXPT. (77K)

S1

3.56

0.13

1.85±0.01

NA

60±19

10±3

*Oscillator strength (fOSC) for lumazine was calculated based on the integrated area of the lowtemperature absorption spectrum using the following equation: 𝑓𝑂𝑆𝐶 = 4.319x10−9 ∫ ε(υ) dυ
+Data shown calculated with TD-B3LYP(6-311++G**). Data using other basis sets shown in SI
‡Both the experimental difference dipole and polarizability have been corrected using f, the local field
correction factor. presents the difference between the solvent-attenuated local electric field and the
applied electric field. For ethanol, f=1.6
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Table 2.2: A comparison of Lum and Flavin Stark
parameters.
|Δμ10| (D•f )

ζA ()

Lum (EtOH)

3.1 (0.1)

60 (19)

3-Me-FlOX (m-THF)

2.5 (0.2)

55 (11)

FMNOX§

2.9 (0.3)

57 (1)

¶

2.7 (0.3)

55 (3)

Avg. FlOX (std.)

2.7 (0.2)

55.7 (0.9)

FADOX

§ - FMN from Old Yellow Enzyme,77 ¶ - FAD from E.
coli DNA photolyase.6 |Δμ10| is reported here in terms
of the local field correction factor (f).
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CHAPTER 3
A COMPARISON OF LIGHT-INDUCED CHARGE
REDISTRIBUTION IN FLAVIN AND LUMICHROME
3.1 Introduction
Riboflavin (Rf) is a precursor in the biosynthetic pathway of FAD.23 When Rf
photo-degrades under UV-radiation, two different molecules can be produced,
Lumichrome (Lc) and lumiflavin (Lf).78 Huang’s finding showed that under acidic or
neutral conditions Lc is the only substantial photo-degradation product of Rf, while at
alkaline pH Lf is produced as well.79 Lumichrome (7,8-dimethylalloxazine), while
structurally similar to the isoalloxazine ring of FAD, has not been identified as an enzyme
cofactor. Lc has been proposed to play a role some biological processes, however Lc’s
role in nature is not comparable to the ubiquity of flavins in nature.
The excited state photophysical dynamics of flavin are key to the uptake of FAD
and FMN as key biological cofactors. To understand help understand why lumichrome
has not been utilized by nature, we used Stark spectroscopy to measure the degree of
charge redistribution upon photoexcitation of Lc. These results are compared to those
previously obtained for a model flavin chromophore.
By breaking down the structure of the isoalloxazine ring into its core components,
we aim to elucidate the structural features that give rise to the excited state properties of
flavin compounds. To achieve this, we studied lumichrome, an isomer of flavin that
contains the core tricyclic ring of flavins with no substitution of N-10, and lumazine
(Chapter 2) which contains only two of the three ring systems of flavin (Figure 3.1).
Charge redistribution in excited state flavins is an important characteristic of flavins that
undergo photoexcited redox reactions. Comparison to previously obtained20 Stark spectra
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of N(3)-methyl,N(10)-isobutyl-7,8-dimethilisoalloxazine (N(3)-flavin) to lumichrome
and lumazine will show how the details of charge redistribution in flavin, Lc and Lum fit
these molecules for photobiology.
3.2 Materials and Methods
Low temperature and Stark spectra of N(3)-flavin were previously obtained20 and are
used solely for comparison throughout this chapter. Details for lumazine spectra can be
found in Chapter 2.
3.2.1 Absorption Spectra
Lumichrome (99% purity) was ordered from Acros and used without further
purification. All solutions were prepared fresh in anhydrous ethanol (EtOH). Dissolution
of Lumichrome in ethanol required heating and sonication. Extinction coefficients for
lumichrome were determined on solutions made by dissolving 1 (0.1) mg Lum in 10 mL
and diluted with EtOH to the desired concentration and measured by UV-vis
spectroscopy using a Hewlett Packard 8452A Diode Array Spectrophotometer.
3.2.2 Stark Spectrometer and Data Fitting
An in-depth description of the Stark Spectrometer and data processing can be found
above (Chapter 2.2.2).
3.3 Results
3.3.1 Low-temperature Absorption and Stark Spectra
The 77K and 298K spectra are shown in figure 3.2. The 298K spectrum in ethanol shows
two broad featureless peaks centered at 335 nm and 385 nm. At 298K the transition
298𝐾
centered at 385 nm has an extinction coefficient of 𝜀385𝑛𝑚
= 9100 M-1cm-1. At 77K the
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77𝐾
peak centered at 385 nm becomes highly structured with higher extinction (𝜀385𝑛𝑚
=

9900 M-1cm-1) and a small red shift. The peak centered at 335 nm remains broad and
298𝐾
unstructured, however a substantially higher extinction coefficient (𝜀335𝑛𝑚
= 9200 M1

77𝐾
cm-1, 𝜀335𝑛𝑚
= 11,200 M-1cm-1). Figure 3.3 shows the low-temperature absorption

spectrum of lumichrome in ethanol with error bars.
Fitting of the absorption spectrum required two distinct transitions (Figure 3.4).
The difference in electrodichroism seen in the Stark spectrum verifies the presence of two
electronic transitions within this region. To our knowledge, it has not been previously
reported that there are two optically allowed transitions for lumichrome in this spectral
region. Each transition was fit with six gaussians assigned to each band to obtain the
lowest random residuals.
Figure 3.5 shows a representative set of Stark spectra of lumichrome in ethanol at
two different angles of χ (χ = 58° and χ = 90°). The first feature is centered around 400nm
and is largely second derivative in nature, indicating the Stark signal is largely derived
from the difference dipole moment associated with the S0-S1 transition. However, this
transition does not seem to have a large dependence on χ, suggesting that ζA is close to
the magic angle (54.7°).
The largest feature is centered around 360 nm with clear electrodichroism. This
signal is not dominated by either the first or second derivate indicating the polarizability
tensor and the difference dipole moment contribute to the Stark signal. We have assigned
this to the S0-S2 transition.

44

3.4 Discussion
3.4.1 Lumichrome in Nature
Table 3.1 shows the excited state parameters determined by the analytical fit to the Stark
and low-temperature absorption spectra for lumichrome, N(3)-flavin and lumazine. The
S0 – S1 transition of lumichrome centered at 385nm (S0-S1) has |Δμ
⃑⃑10 | = 2.3  0.7 (𝐷•𝑓)
where f is the local field correction factor (f = 1.45 for ethanol). This corresponds well to
the lowest energy transition of N(3)-flavin where |Δμ
⃑⃑10 | = 2.4  0.2 (𝐷•𝑓). For the same
transition, the mean difference polarizability is also well matched; 𝑇𝑟𝛥𝛼
̿̿̿̿̿
10 = 15 ±
3
2
3.5 Å3 ⋅ 𝑓 2 for Lumichrome and 𝑇𝑟𝛥𝛼
̿̿̿̿̿
10 = 14 ± 2 Å ⋅ 𝑓 for N(3)-flavin. The angle that

Δμ
⃑⃑10 makes with 𝑚
⃑⃑⃑10 is 𝜁𝐴 = 37 ± 9° for Lumichrome and 𝜁𝐴 = 55 ± 8° for N(3)flavin. This indicates a strong similarity in the charge redistribution for the lowest energy
transitions.
However, the parameters derived for second transition do show a divergence. For
the transition centered at 335 nm, assigned here as the S0-S2, |Δμ
⃑⃑20 | = 4.0 0.6 (𝐷•𝑓)
while N(3)-flavin |Δμ
⃑⃑20 | = 7.6  0.3 (𝐷•𝑓). Without a known transition moment (𝑚
⃑⃑⃑𝑛0 )
for lumichrome it is not possible to assign the direction of the difference dipole moment
and thus the direction of charge separation. However, for both Lc and N(3)-flavin, the S2
state shows that charge redistribution is displaces preferably along 𝑚
⃑⃑⃑20 .
The difference in these parameters shows there is larger charge redistribution
upon photoexcitation within the N(3)-flavin moiety. This is likely due to the change in
the π conjugation of the isoalloxazine ring. This key difference in the ground state
electronic structure could explain the pervasiveness of flavin cofactors in biological
redox reactions compared to lumichrome’s lack of any notable biological use.
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The mean difference polarizability is measure of the sensitivity for a given
transition to an applied electric field, similar to that found within protein matrices.
3
2
𝑇𝑟𝛥𝛼
̿̿̿̿̿
̿̿̿̿̿
𝑛0 is significantly higher for flavin (𝑇𝑟𝛥𝛼
20 = 79 ± 10 Å ⋅ 𝑓 ) compared to
3
2
Lumichrome (𝑇𝑟𝛥𝛼
̿̿̿̿̿
20 = 64 ± 13 Å ⋅ 𝑓 ). This lower sensitivity to an electric field for

the S0-S2 transition, whether applied externally or found within a protein matrix, taken
together with the lower |Δμ
⃑⃑20 | is arguably a significant factor as to why lumichrome is
not widely dispersed through out nature.
3.4.2 Lumichrome and Lumazine as a model for Flavin Charge Redistribution
While Lumichrome is an isomer of isoalloxaine structure on which all flavin
moieties are based, Lc is not found in the biological synthesis pathway. All plants, fungi,
and most bacteria synthesis riboflavin de novo and serve as the source of RF for animals.
This pathway consists of many proteins that catalyze a wide range of reaction. The core
isoalloxazine ring system is formed upon the fusion of two 7,8-dimethyl-8ribityllumazine molecules. Lumichrome is largely formed upon photodegradation of
flavin molecules. Thus, in conjunction with the difference in excited state properties
highlighted above, it is not surprising that LC is not prevalent as a biological cofactor.
Lumichrome does represent an interesting pathway to understanding flavin’s
excited state properties that are key to its prevalence in biology. Figure 3.5 shows the RT
absorption spectra of lumazine, Lc and N(3)-flavin. As the ring system becomes larger
the spectrum extends further into the red from 335nm (Lum S0-S1) to 385nm (Lc S0-S1).
However, the lowest energy absorption band for Lc is still blue shifted compared to N(3)flavin and other flavins such as riboflavin, FMN, FAD all of which have a λmax = 450nm
in the oxidized form. It appears that substitution of N(10) is key to the ground and excited
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state properties of flavins, as it forces the tautomerization of the ground state flavin into
the isoalloxazine form. This extends the conjugation of the ring system into the
pyrimidine ring. This also extends the absorption spectrum of flavin further into the red
end of the visible spectrum (Figure 3.7). The additional absorption allows flavins to
harvest more of the visible spectrum for the photobiology reactions flavoproteins
catalyze.
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Figure 3.1: Structure of N(3)-methyl,N(10)-isobutyl-7,8dimethilisoalloxazine (top) Lumichrome (center) and lumazine
(center) with atom numbering.
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Figure 3.2: Low temperature (blue) and room temperature (black)
absorption spectrum of Lumichrome in ethanol. Low temperature
spectrum was corrected for ethanol contraction at low temperature.
Maximum extinction coefficients are:
298𝐾
77𝐾
𝜀385𝑛𝑚
= 9100 M −1 cm−1 , 𝜀386𝑛𝑚
= 9800 M −1 cm−1.
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Figure 3.3: Low temperature absorption spectrum of Lumichrome in
ethanol shown with error bars. Spectrum is the average of 10 scans, each
composed of 150 data points from 300 nm to 500 nm. Error bars
calculated by the formula:
2

1

1

𝐸𝜆 2 = (ln(10)∗𝐼 ) 𝑠𝑡𝑑𝐼𝑜 2 + (ln(10)∗𝐼 )𝑠𝑡𝑑𝐼 2
𝑜

where I0 is the reference data (average of 10 scans), stdI0 is the standard
deviation in the reference data, I is the sample data (averaged over 10
scans), stdI is the standard deviation in the sample data.
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Figure 3.4: Fitted low temperature spectrum of Lumichrome in ethanol.
Experimental LTA spectrum (dotted line) with the fit (solid red line). Two

sets of gaussians were used to fit the data (orange, S0-S1 and blue, S0-S2).
Subpanel shows the residuals between the experimental data and fit.

51

Wavenumber (cm-1)
30000

28000

26000

24000

 = 58o
 = 90o

-4

4.0x10

e/n (M-1) at 1x106V/cm

22000

2.0x10-4

0.0

-2.0x10-4

Lumichrome (0.61mM) in ethanol
320

340

360

380

400

420

440

Wavelength (nm)

Figure 3.5: Experimental stark spectra of 0.61mM Lumichrome in ethanol.
Two angles of χ are shown. Both spectra are taken with a Vrms = 1400 V.
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Figure 3.6: Fitted Stark spectra of Lumichrome in ethanol. Experimental stark
spectra at two angels of χ (dotted line). Fits to the stark spectrum are shown in
red and blue solid line. Subpanel shows the residuals between the experimental
data and fit.

53

Wavenumber (cm-1)
21600

24000

3120028800 26400

19200

N(3)-Flavin (0.8mM) in ethanol
19800
13200
6600

S0 - S1

S0 - S2

0

e (M-1 cm-1)

Lumichrome (0.34mM) in ethanol

19800
13200
6600

S0 - S2

S0 - S1

0
Lumazine (1.0mM) in ethanol
19800
13200
6600
S0 - S1
0
350

450

400

500

550

Wavelength (nm)

Figure 3.7: Low-temperature absorption spectra of N(3)-flavin,
Lumichrome and lumazine for comparison. Plots are corrected for
concentration and plotted in extinction coefficient.
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Figure 3.8: Stark Spectra of N(3)-flavin, Lumichrome and lumazine
in ethanol. Each sample taken at two different angles of χ (χ=58°
and χ=90°).
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Table 3.1: Excited State Electronic Properties Obtained Through Stark Spectroscopy

Molecule

Transition

̿
𝒕𝒓∆𝜶
3 𝟐
(Å •𝒇 )

̿̿̿̿̿𝒎
⃑⃑⃑⃑⃑
⃑⃑⃑⃑ (Å3•𝒇𝟐 )
𝒎 ∆𝜶

|∆𝝁
⃑⃑| (D•f)

S0 → S1

15 ± 3.5

2.7 ± 1.4

2.3 ± 0.7

37 ± 9

S0 → S2

64 ± 13

37 ± 13

4.0 ± 0.6

16 ± 6

S0 → S1

14 ± 2

7±3

2.4 ± 0.2

55 ± 8

S0 → S2

79 ± 10

59 ± 27

7.6 ± 0.3

27 ± 7

S0 → S1

21 ± 3

9±2

3.05 ± 0.01

60 ± 16

ζA (deg)

Lumichrome

N(3)-Flavin

Lumazine
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CHAPTER 4
EXCITED STATE DYNAMICS OF EXTREMOPHILE DNA
PHOTOLYASE
4.1 Introduction
The organisms which predated the advent of oxygen-evolving plants encountered severe
environmental conditions. The repair and maintenance of DNA are vital for life to exist
and proliferate. Mechanisms of DNA repair vary depending on the type of damage or
mutagation that needs to be corrected. An environment with severe temperature
fluctuations and increased UV radiation would lead to the formation on UV-induced
cyclobutane pyrimidine dimer (CPD) lesions. These lesions are known to be efficiently
repaired by DNA photolyase (PL). Photolyases have been identified across domains,
found in all organisms including those of higher order such as placental mammals.4 PL is
a monomeric protein consisting of two domains, the α-domain which binds the catalytic
flavin cofactor and an α/β domain which binds a light harvesting antenna chromophore.
All known CPD photolyases studied to date have a conserved flavin adenine dinucleotide
(FAD) cofactor.80
Flavin cofactors are unique because they can transfer one or two electrons
resulting in multiple oxidation states. The FAD cofactor can persist in all three oxidation
states, the fully oxidized FADox, the one electron reduced semiquinone (FADH·) and the
fully reduced hydroquinone (FADH-). Each oxidation state has a characteristic absorption
spectra (Figure 4.1). The catalytically active state of the PL bound chromophore is the
fully reduced FADH- . The fully reduced anionic flavin transfers an electron to the bound
CPD following direct excitation or energy transfer from the antenna chromophore.
Briefly, upon excitation of the fully reduced FADH- cofactor, an electron is transferred to
57

bound CPD forming the semiquinone FAD and a radical anionic CPD. The crystal
structure of PL shows the CPD base-flipped out of the α-helix into the binding pocket of
PL.81 The bonds between the thymine bases are broken sequentially to reform the
undamaged DNA and the electron is transferred back to the FAD to reform the fully
reduced FADH-.
The flavin-mediated electron transfer repair mechanism and the excited state
dynamics have been extensively studied in the mesophilic bacteria Escherichia coli
(EcPL) system (Figure 4.2).5, 14, 82 In brief, the repair process begins with the absorption
of blue light by the fully reduced FADH-. The photoexcited FADH- transfers an electron
to the bound CPD substrate forming the semiquinone FAD·-. The bonds forming the
cyclobutane ring break sequentially to reform the undamaged thymine bases. Lastly, the
back electron transfer reforms the fully reduced FADH- and the undamaged DNA is
released.
However, it is still unknown how the temperature-dependent electron transfer
mechanism would vary or change under extreme conditions like that in which early
organisms thrived in. It is advantageous that photolyase is found across domains and thus
could serve as a unique model system in which to compare mesophilic temperature
dependent DNA repair and extreme temperature dependent DNA repair.
Photolyase has been isolated from the hyperthermophilic archaea Solfolobus
solfataricus (SsPL) and it is slightly smaller than EcPL (54 kDa) at 47 kDa.83-84 This
particular PL contains two FAD cofactors whereas the EcPL contains a FAD and a
MTHF. In order to make a direct comparison between the EcPL and the SsPL, the EcPL
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is depleted of the MTHF and the SsPL is mutated so that only the catalytic FAD cofactors
is bound.83 This single point mutant is called SsPL-Q39L.
It has been hypothesized that thermophilic proteins are more compact and rigid
than their mesophilic counterparts due to the high temperature ranges in which operate.
This structural adaptation has significant implications regarding chromophore binding
and conformation. This modulation may ultimately affect the excited state dynamics of
the repair mechanism, particularly the forward electron transfer from FADH- to the CPD.
Crystal structures of various photolyase proteins have shown FAD in a stacked
configuration with the adenine moiety directly over the isoalloxazine ring (Figure 4.3).13,
85

This conformation would allow for adenine to be an intermediate in the ET process.

The adenine is 0.7 Å closer in the thermophilic SsPL enzyme, suggesting the possibility
for adenine to play a more direct role in the ET process.
Computational studies have shown that adenine acts as an electron tunneling
mediator in the repair reaction.86-87 The contribution of adenine to this process is
dependent on the degree of stacking and the relative movements of the adenine moiety.
These models also show a higher degree of adenine interaction in the thermophilic
photolyases of T. thermophilus and S. tokodaii. These computational models have also
indicated that adenine plays a larger role in the electron transfer process in the
thermophilic enzymes (~35% for StPL at 353K) compared to their mesophilic
counterparts (~24% for EcPL at 293 K). The increased charge separation between the
adenine and isoalloxazine ring should lead to a faster deactivation of the excited state of
FADH- when excited into the S2 absorption band.
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Here, the excited state dynamics of E. coli DNA photolyase and
hyperthermophilic archaea Solfolobus solfataricus DNA photolyase are compared under
different temperatures in order to investigate the structural and mechanistic adaptations
that might have occurred. To examine the role of adenine in thermophilic photolyases, we
have used ultrafast transient absorption spectroscopy to probe the excited state decay
kinetics associated with the FADH- cofactor. Analysis of the spectra shows differences in
the kinetics of the relaxation, with the excited state of SsPL-Q39L showing a
considerably longer lifetime. Temperature dependent studies also show differences in the
oxidation state of the FAD cofactor of SsPL-Q39L.
4.2 Materials and Methods
All solutions were prepared using the recipes outlined in Table 4.1 and ultrapure water
(Milli-Q Advantage A10 Water Purification System, Millipore). The pH of all solutions
was adjusted using 5.0 M NaOH until desired pH was achieved. Reagents were
purchased from Fisher Scientific if available.
4.2.1 Growth and Overexpression of SsPL-Q39L and EcPL
The phr gene for Solfolobus solfataricus was previously mutated and cloned into the
pET14b vector.83-84 Plasmid was prepared using the PureYield Plasmid Miniprep system
purchased from Promega and obtained following the procedure provided. This plasmid
was transformed into Rosetta 2 DE3 competent cells purchased from EMD Millipore.
Transformed cells were plated onto LB-ampicillin plates and incubated at 37 °C until
single colonies could be selected.
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MS09 cells for EcPL overexpression were previously purchased from the Yale
Cell Bank. These cells were plated onto LB-amp plates and incubated at 37 °C until
single colonies could be selected.
The following procedure for overexpression was used for both SsPL-Q39L and
EcPL. One colony was selected to inoculate one 3 mL LB-amp culture and grown for 8
hours. Two 25 mL LB-amp cultures were inoculated with 100 μL of the first outgrowth
and grown overnight. Following the overnight outgrowth both cultures were pelleted at
2000 xg for 20 min then resuspended in 20 mL of warm LB-amp solution. Four 1 L
cultures were inoculated with 10mL of resuspended cells and grown at 37 °C at 250 rpm.
The liter cultures were monitored for growth at 600 nm using a Hewlett Packard
8452A Diode Array Spectrophotometer. Each culture was induced with 1 mM IPTG once
an optical density of 0.6 – 0.8 was obtained. Growth was monitored periodically, and gel
samples were taken at the time of induction and every hour thereafter for 4 to 5 hours.
Cells were harvested by centrifugation at 6000 rpm for 30 min.
An average of 4 – 6 g/L of wet cells and 8 -10 g/L of wet cells were obtained per
growth for SsPL-Q39L and EcPL respectively. Harvested cells were homogenized in
lysis buffer, flash frozen in liquid nitrogen and stored at -80 °C until purification.
4.2.2 Protein Purification
Homogenized cells were thawed at 4 °C. Cells were stirred and incubated with 0.5
mg/mL recombinant human lysozyme (Lysobac, Invitria), 1 mM PMSF, trace RNAse
and 0.05% (v/v) Triton X-100 for 1 hr at 4 °C. Lysis was achieved by sonication
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(FisherBrand sonic dimembrator, ¼ inch tip) on ice for 8 min with alternating 30 sec
on/30sec off cycles.
Following sonication cell debris was removed by centrifugation at 16,000 rpm for
30 min. A 65% ammonium sulfate cut (0.43 g/mL of lysate) was used to precipitate
soluble proteins and remove low-molecular weight proteins. The pellet was resuspended
in minimal Buffer A and desalted (GE Healthcare Disposable PD 10 Desalting Columns)
to remove ammonium sulfate.
The solution was loaded onto a 50 mL Blue Sepharose (GE Healthcare) column
equilibrated in Buffer A at 1.0 mL/min using a peristaltic pump (EconoPump, BioRad).
The column was washed with ~100 mL of Buffer B at 2.0 mL/min to remove
contaminating proteins. Elution was achieved by increasing salt concentration with a
linear gradient of 100% Buffer B to 100% Buffer C over 150 mL at 2.0 mL/min
(BioLogic HR Workstation, BioRad). Samples were collected in 2.0 mL fractions and
examined for photolyase using UV-vis spectroscopy. Samples containing photolyase
were carried through to the next step, other samples were discarded.
Samples containing photolyase were concentrated and buffer exchanged into
Buffer A using a 30 kD MWCO VivaSpin 20 (Sartorius). The concentrated solution was
loaded at 2.0 mL/min onto a 5 mL HiTrap Heparin HP affinity column (GE Healthcare)
equilibrated with Buffer A. The column was washed with 20 mL of Buffer B to remove
unbound proteins. Photolyase was eluted from the column using a linear gradient of
100% Buffer B to 100% Buffer D at 3.0 mL/min and 3.0 mL fractions were collected.
Samples containing photolyase were concentrated and buffer exchanged into Buffer M.
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Purification was verified using SDS-page gel electrophoresis. Concentrations and
protein yields were using UV-vis spectroscopy. SsPL-Q39L yields were generally 0.5 –
1.0 mg/g of wet cells. EcPL yields were generally 1.0 – 2.0 mg/g wet cells. Purified
photolyase was aliquoted and stored in Buffer M at -80 °C until needed.
4.2.3 Sample Preparation
Photolyase samples were thawed and buffer exchanged into fresh experimental buffer
(Table 4.1) using 10 kD centrifugal filter units (Microcon, Millipore) at 4 °C to avoid
protein aggregation. Concentration was determined using UV-vis spectroscopy
(𝜀450 𝑛𝑚 11,500 𝑀−1 𝑐𝑚−1 ). Samples were purged using nitrogen and an oxygen purge
system containing acidified 100 mM vanadyl sulfate and zinc.88 The gas flow is passed
through phosphate buffer immediately before the sample to avoid acid carry-over into the
sample and to minimize evaporation.
Samples were reduced using a 375 nm mounted LED (387 mW, M375L3
ThorLabs). Reduction was monitored directly using the optical setup outlined below.
Generally, the photolyase could be fully reduced with 2 min of irradiation.
4.2.4 Femtosecond Transient Absorption
The output of a Ti:Sapphire laser (KLM) was regeneratively amplified to produce
a ~790 nm, 120 fs pulse operating at 1 kHz. This output pulse was split into two beam
using a 60:40 beam splitter. The majority of the fundamental is passed through a 2 mm
type-I BBO crystal to generate a frequency-doubled pump pulse at ~395 nm. The
remainder (~1 uJ) of the fundamental is focused into a 4 mm CaF2 flat to generate the
white light continuum (WLC).
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The temporal position of the pump pulse relative to the WLC can be adjusted
using a computer-controlled delay stage with a maximum delay of ~3 ns. The pump pulse
is focused into the sample with a quartz lens (f = 40 cm) while the WLC is focused using
an off-axis parabolic mirror (f = 10 cm). The polarization of the pump pulse is set to the
magic angle (54.7°) relative to the WLC polarization with a half-wave plate in the pump
pulse beam path. The pump and WLC beams are visualized on a CMOS camera
(Mightex) placed at the foci of the two beams to determine beam size and spatial overlap.
Both beams are focused into a 2 mm path length quartz cuvette (Spectrocell)
sealed with a PTFE cap fitted with a septum to allow purging. Sample temperature was
controlled by a thermostatted cuvette holder (Flash 300, Quantum Northwest) equipped
with a magnetic stirrer to stir the sample. A constant flow of air, filtered through Drierite
to remove any water, was passed over the cuvette to remove any condensation formed at
lower temperatures. The sample was pumped at half the frequency of the fundamental
(500 Hz). The WLC was focused into a 50 μm fused silica optical fiber (Ocean Optics),
and dispersed in a ¼ m monochromator (DK240i, Digikrom). The probe was detected at
1 kHz on a CCD detector (Stresing).
The single shot transmittance data from the CCD is collected using a custom
LabView program. The raw data is processed using MatLab (2017b) to obtain
background corrected ΔA spectra. Glotaran is used to globally fit the spectra and obtain
evolution associated difference spectra (EADS) along with kinetic parameters. EADS
represent the spectral evolution of a species. In a sequential model, the first EADS decays
with the first time constant, while the second EADS rises with the first time constant and
decays with the second.
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4.3 Results
4.3.1 Transient Absorption Spectra and Excited State Dynamics of EcPL
Ultrafast transient absorption spectra of photoreduced EcPL were taken over a
range of temperatures and pump powers. The concentration of EcPL was 215 uM in the
experimental sample buffer is shown in Table 4.1. All spectra show a large excited state
absorption centered at 550 nm (Figure 4.5). Another excited state absorption band is
shown centered at 420nm. It has been previously proposed that the spectrum of FADH- in
this spectral window (350 nm -700 nm) is dominated by one large absorption band, with
a dip at 450 nm corresponding to stimulated emission of the reduced flavin.89 However,
Zhong et al. excessively irradiated FADox to form lumichrome and mis-assigned Lc
emission to the reduced flavin. Also, recent data from our lab has shown purified FADHhas a low quantum yield (data not shown), suggesting there should not be stimulated
emission at 450 nm (McBride et al., in preparation). Thus, the band at 550nm and 420 nm
are assigned here to at least two independent excited state absorption bands.
Fitting the ultrafast spectra required a two-state sequential model resulting in two
decay parameters (Figure 4.4 shows all the models used to fit these data). All decay
parameters and residuals are shown in Table 4.2. The model was applied to spectra taken
at three temperature (4 °C, 10 °C and 20 °C) to examine the effect of temperature on the
excited state dynamics. Data was collected at two pump powers (0.5 and 0.8 μJ/pulse) to
ensure there was no power dependent process occurring (data not shown).
The evolution associated difference spectrum (EADS) associated with both time
components show characteristic excited state absorption from FADH- (Figure 4.6). The
first species (τ1 = 28 – 11 ps) shows a narrowing in the red edge of the spectrum (see
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normalized EADS in Figure 4.7). This narrowing has previously been assigned to a
conformation change in the isoalloxazine ring of the reduced flavin in solution referred to
as the butterfly bend90, with lifetimes of 2 ps91 and 28 – 32 ps.92 However, the rigidity of
the protein environment likely inhibits this conformation change and the deactivation
occurs through charge separation between the adenine and isoalloxazine ring.89
The second decay (EADS 2) corresponds to the relaxation of the excited state
reduced flavin from S1 to the ground state with lifetimes greater than 1 ns (τ2 = 1.4 – 1.1
ns). This lifetime is significantly longer than FADH- in solution (~32 ps)92 although in
line with lifetimes previously reported for EcPL.5, 14 This extended lifetime of the excited
state is crucial for photolyase catalysis as the long lived excited state is needed to achieve
catalysis with high quantum yields.93 The long lived excited state allows for efficient
electron transfer from the excited FADH- to the bound CPD.
Previous reports of EcPL have used multiexponential fits in assigning many more
transients in the decay process of FADH-.89, 92 To verify the need for only two
components, we continued the sequential model adding 3 and 4 decay parameters. Any
additional decrease in the residuals (Table 4.2) was associated solely with additional
fitting of the coherent artifact or baseline noise (Figure 4.8).
There is a clear temperature dependence in the lifetimes of both species, with
decreased lifetimes corresponding to the higher temperature environments.
4.3.2 Transient Absorption Spectra and Excited State Dynamics of SsPL-Q39L
The transient absorption spectra of SsPL-Q39L strongly resemble those of EcPL
and FADH- in solution (Figure 4.9). The concentration of SsPL-Q39L was 230 uM in the
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sample buffer shown in Table 4.1. Both excited state absorption bands seen in EcPL are
present, centered at 550 nm and 420 nm. Data was collected at multiple temperatures (4
°C, 10 °C, 20 °C and 40 °C). SsPL-Q39L has a substantially higher Tm (~65 °C). At the
high concentrations required for these measurements the sample aggregated at 50 °C. To
test the dependence on pump power, data was collected at two pump energies (0.5 and
0.8 μJ/pulse), however there was no evidence of multiphoton processes occurring at the
energies tested (i.e. hydrated electron).94-95
Analysis of the SsPL-Q39L ultrafast data required a different approach then
EcPL. All decay parameters determined through fitting are presented in Table 4.3.
Previous work in our lab has suggested that the FAD cofactor in SsPL-Q39L is not fully
photoreduceable83, thus leaving some portion in the oxidized state. This required the use
of a model with two separate excited states, the first representing ~10% of the sample
being FADox (Figure 4.10, EADS 1) and the remaining 90% being FADH- (Figure 4.10
EADS 2 and EADS 3, normalized EADS 2 and EADS 3 shown in Figure 4.11).
Interestingly, the FADox signal is only seen in the lower temperature samples (420 °C). At 40 °C, the clear FADox excited state spectrum is no longer above the signal to
noise, and a simple 2-state sequential model is used (Figure 4.12). The 40 °C was also fit
to the 3-state branched model, shown in Figure 4.12 for comparison. This difference
could indicate a difference in protein structure at higher temperature. At low temperature,
the already rigid protein is constrained, thus inhibiting full reduction of the catalytic
cofactor. As the temperature is increased, closer to the temperature at which the organism
grows, the protein becomes more fluid allowing for full reduction of FAD. It is also
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possible that the FADox spectrum is lost as a portion of the sample begins to aggregate at
higher temperature and can no longer be resolved in the data.
The FADox portion is fit using a single exponential decay. While FADox likely has
a multiexponential decay in solution and in photolyase, the signal is not strong enough in
this sample to pull out multiple components. As a first approximation, the first time
component which represents the oxidized flavin has a lifetime ranging from 10 to 60 ps.
This is representative of the first time components found previously for FADox however
does not represent the long lived state of 1 ns or longer.96
The normalized EADS of the second and third decays a narrowing of the
spectrum on the red edge, indicating a fast (τ2 = 1-6 ps) trelaxation of the excited state.
This lifetime does correspond to the previously reported lifetime for relaxation of the
excited state due to the butterfly motion of FADH-.91 However, this component likely
represents a fast internal conversion from S2 to S1 due to the fact that our excitation
wavelength overlaps with both absorption bands (Figure 4.1).97 This fast deactivation of
the S2 state could be due to charge separation between the isoalloxazine ring and adenine.
The final time component (τ3) represents the S1 decay to the ground state from
occurring between 2.3 (4 °C) and 1.2 ns (40 °C). The lifetime of the FADH- in SsPLQ39L is significantly longer than that of EcPL. This difference is likely due to the
structural rigidity of the protein and stabilization of the FAD cofactor in SsPL-Q39L.
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4.4 Discussion
Analysis of the ultrafast transient absorption spectra of EcPL and SsPL-Q39L show many
similarities, but also a few key differences. The key difference between the mesophilic
and thermophilic enzyme kinetics is the first relaxation that occurs in the excited state.
EcPL decays slowly in the first step (τ1 = 28 – 11 ps), however, the first decay of SsPLQ39L is significantly faster (τ2 = 1-6 ps).
This change in deactivation is likely due to the structural rigidity in the
thermophilic enzyme. In the thermophilic crystal structure of S. tokodaii, the adenine is
~0.7 Å closer to the isoalloxazine ring. This increase in stacking will lead to greater
orbital overlap. Based on the computational studies of Matsika et al.87, the S2 excited
state can decay through a charge transfer state, where charge is transferred from the
isoalloxazine ring to the adenine. The fast time component seen in SsPL-Q39L is
indicative of this particular pathway. The decreased stacking seen in EcPL would
decrease the orbital overlap and the S2 state decays to the S1 state through internal
conversion.
The second component (τ2 in EcPL and τ3 in SsPL-Q39L) of the FADH- excited
state decays are likely the same relaxation from the S1 to S0 state for both enzymes. The
excited state for EcPL decays in ~1 ns, although this work shows the decay is sensitive to
temperature. In SsPL-Q39L, this decay is considerably longer (τ3 = 1.2 – 2.3 ns), leading
to a longer-lived excited state in the thermophilic enzyme. While the electron transfer
step should be considerably faster in SsPL-Q39L compared to EcPL, the excited state is
longer lived and dependent of the temperature of the sample.
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The increase seen in the excited state lifetime of SsPL-Q39L fits well with
previous results showing that the thermophilic enzyme catalyzes CPDs faster than
EcPL.83-84 The longer lived excited increases the probability that an electron will be
transferred from the FADH- to the CPD.
A comparison of the crystal structures of EcPL and StPL shows many similarities
in the hydrogen bond network surround the catalytic FAD. However, there are a few
differences that could lead to the initial fast quenching coupled with the longer lived S1
state seen in SsPL-Q39L data analysis. It has been previously proposed that the lack of
water molecules within the binding pocket of the hyperthermophilic enzyme StPl would
lead to a more rigid structure of the FAD cofactor.83 The increase in intermolecular
hydrogen bonds in the FAD cofactor seen in StPL also increase the rigidity of the
molecule compared to EcPL (Figure 4.13).
Figure 4.13 also shows an interesting change in the hydrogen bonds formed
between the adenine moiety and the amino acid structure of StPL. The StPL crystal
structure shows an asparagine (Asn, 349) which is a shown to be a glycine in the crystal
structure of EcPL. The asparagine seems to form hydrogen bonds with the adenine ring
of the catalytic FAD. This increase in rigidity of the adenine would explain the faster
quenching of the S2 state of FADH- in SsPL-Q39L (τ2), as only the S2 state has been shown
to participate in the charge transfer relaxation pathway.87 In EcPL, the faster quenching of

the excited S1 excited state (τ2) represents the quenching due to movement of the adenine
ring into contact with the isoalloxazine ring. In SsPL-Q39L this movement is inhibited by
the hydrogen bonds formed with Asn394 and the excited state decays slowly (τ3). This
hypothesis should be examined by mutation of Asn349 to an amino acid incapable of
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forming hydrogen bonds with the adenine and also block the uptake of water molecules
into the binding pocket of FAD, such as leucine.
Here we have reported the ultrafast transient absorption spectra of the mesophilic
E. coli photolyase and the thermophilic S. solfataricus photolyase. The analysis of these
data shows striking differences in the excited state deactivation pathways and associated
lifetimes between the two enzymes. The fast deactivation of the FADH- indicates the
presence of quenching by the adenine in SsPL-Q39L, suggesting the presence of the
charge transfer state proposed in computational models. While we do not see evidence of
the adenine radical anion, the charge transfer state does suggest that adenine plays a
critical role in the electron transfer step of CPD repair. These experiments will need to be
completed in the presence of CPD substrate to examine the full repair mechanism.
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Figure 4.1: SsPL-Q39L room-temperature absorption spectra at three
different oxidation states.
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Figure 4.2: Schematic of repair reaction catalyzed by DNA photolyase. Adapted from
MacFarlane et. al.5
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Figure 4.3: FAD cofactor in crystal structures of mesophilic photolyase (E. coli)85
and thermophilic photolyase (S. tokodaii).13 Distances between C9 of the
isoalloxazine ring and N6A of the adenine were calculated using Chimera.
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Figure 4.4: Schematics of the models used to fit the ultrafast transient
absorption data.
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Figure 4.5: Ultrafast data of EcPL at 20 oC. Top panel
shows excited state spectra at early time points from 1 to
100 ps showing fast spectral narrowing attributed to the
butterfly motion of FADH-. The bottom panel shows
excited state spectra at longer time points from 140 ps to
3.2 ns and the decay of the S1 excited state.
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Figure 4.7: Normalized EADS of EcPL at 20 °C showing the
narrowing of the spectrum attributed to the butterfly relaxation.
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Figure 4.9: Ultrafast data of SsPL-Q39L at 20 oC. Top
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Figure 4.13: Crystal structure comparison of the FAD cofactor in EcPL and StPl.
Shown in green are the hydrogen bonds formed intermolecularly in the FAD and the
hydrogen bonds formed between Asn 349 and the adenine moiety in StPL.
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Table 4.1 Buffer composition used for Photolyase Purification
Solution

Reagent

Concentration Amount/ 1 L

Lysis Buffer

HEPES
NaCl
Sucrose
β-mercaptoethanol
pH = 7.0

50 mM
100 mM
10% (w/v)
10 mM

11.912 g
5.8 g
100 g
703 uL

Buffer A

HEPES
NaCl
Glycerol
β-mercaptoethanol
pH 7.0

50 mM
50 mM
10% (v/v)
10 mM

11.912 g
2.922 g
100 mL
703 uL

Buffer B

HEPES
KCl
Glycerol
β-mercaptoethanol
pH 7.0

50 mM
100 mM
10% (v/v)
10 mM

11.912 g
7.456 g
100 mL
703 uL

Buffer C

HEPES
KCl
Glycerol
β-mercaptoethanol
pH 7.0

50 mM
2M
10% (v/v)
10 mM

11.912 g
149.1 g
100 mL
703 uL

Buffer D

HEPES
KCl
Glycerol
β-mercaptoethanol
pH 7.0

50 mM
1M
10% (v/v)
10 mM

11.912 g
74.55 g
100 mL
703 uL

20 mM

Buffer M

Phosphate Buffer
pH = 7.0
K2SO4

400 mM

200 mL.100
mM PB pH 7.0
34.8 g

MOPS
pH = 7.4
KCl
EDTA
TCEP
Glycerol

50 mM

10.43 g

100 mM
100 mM
10 mM
10% (v/v)

3.72 g
20 mL. 5M
12.51 g
100 mL

Experimental
Buffer
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Table 4.2 Lifetime Decays of E. coli Photolyase
Temp.

Model

τ1 (ps)

τ2 (ps)

4 °C

2-state sequential

28.7 ± 1.3

1440 ± 7 -

-

5.14x10-4

10 °C

2-state sequential

18.3 ± 1.0

1280 ± 5 -

-

4.64x10-4

20 °C

2-state sequential

11.4 ± .9

1077 ± 4 -

-

5.63x10-4

20 °C

3-state sequential

.133 ± .008

172 ± 9

-

4.98x10-4

20 °C

4-state sequential

.159 ± .009

2.8 ± .3

2012
± 200

4.45x10-4
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τ3 (ps) τ4 (ps)

1349
± 26
406
± 31

Residuals

Table 4.3 Lifetime Decays of S. solfataricus-Q39L Photolyase
Temp.

Model

τ1 (ps)
FADox

τ2 (ps)
FADH-

τ3 (ps)
FADH-

Residuals

4 °C

3-state Branched

20.9 ± 1.3

2.4 ± 0.1

2320 ± 15

5.95x10-4

10 °C

3-state Branched

18.9 ± 1.3

.441 ± 0.031 1725 ± 11

5.72x10-4

20 °C

3-state Branched

58.1 ± 4.1

1.38 ± .07

1571 ± 7

5.63x10-4

40 °C

2-state Sequential

-

6.4 ± .5

1180 ±6

7.95x10-4
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