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ABSTRACT

UV radiation from the sun is strongly absorbed by DNA, and the resulting
electronic excited states can lead to the formation of mutagenic photoproducts. Decades of
research have brought to light the excited-state dynamics of single RNA and DNA
nucleobases, but questions remain about the nature of excited states accessed in DNA
strands. In this thesis, | present ultrafast spectroscopic observations of photoinduced
electron transfer from the oxidatively damaged bases, 8-o0x0-7,8-dihydro-2’-
deoxyguanosine, 5-hydroxy-2’-deoxycytidine and 5-hydroxy-2’-deoxyuridine, to adenine
in three dinucleotides. The results reveal that charge transfer states are formed on a
timescale faster than our instrumental resolution (<0.5 ps), and back electron transfer
efficiently returns the excited-state population to the ground state on timescales from tens
to hundreds of ps. In addition to recent spectroscopic observations of charge transfer state
species in DNA by other groups, our results have augmented understanding of the long-
lived transient signals observed in DNA strands. The observation of photoinduced electron
transfer in these oxidatively damaged nucleobases also supports a recent proposal
regarding the role of oxidative products in pre-RNA catalysis. | discuss these observations
in the contexts of fundamental DNA excited-state dynamics and prebiotic chemical
evolution. In this thesis, | also present the first ultrafast spectroscopic investigation of
violacein, a pigment isolated from Antarctic bacteria. Despite claims for the
photoprotective role of this pigment, there has never been a spectroscopic analysis of
excited-state deactivation in violacein. Emission spectra, fluorescence quantum yields and
excited-state lifetimes of violacein in various solvents were measured for the first time.
Both the fluorescence quantum yield and excited-state lifetime of violacein increase in
increasingly viscous solvents, suggesting a large-scale motion mediates excited-state
deactivation. | compare these results to similar observations of viscosity-dependent
excited-state decay rates in other molecules. | also consider the relevance of violacein’s
excited-state properties to the hypothesized sunscreening role of violacein. Overall, the
studies presented in this dissertation illustrate how ultrafast spectroscopic techniques can
be used to unravel complex biomolecular excited-state dynamics in solution.
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CHAPTER ONE

INTRODUCTION

Photophysical processes are ubiquitous in biochemical systems and play central
roles in the delicate balance between energy and life. From the earliest chemical mixtures
on the prebiotic Earth to advanced modern biochemistry, the study of photophysical
chemistry is relevant to many interdisciplinary fields of research. Photophysical processes
begin the instant a photon of light is absorbed, and for decades the subsequent fundamental
excited-state dynamics could only be presumed from evidence collected on familiar
timescales.® Relatively recent improvements in the time resolution of spectroscopic
instrumentation have facilitated observation of ultrafast excited-state phenomena in real-
time and have shed light on molecular excited-state dynamics.>®> Many biological
molecules have heterocyclic conjugated chemical structures that strongly absorb the visible
and ultraviolet (UV) photons capable of promoting electrons to highly energetic excited
states. For example, the nucleobases adenine (A), guanine (G), cytosine (C), thymine (T),
and uracil (U) exhibit strong UV absorption (Figure 1.1). As light from the sun is a main
source of energy for biochemistry, a detailed understanding of the excited-state dynamics
of biomolecules can provide crucial insights into light-driven biochemical processes.

Research on the excited-state dynamics of nucleobases has far-reaching
applications. We recently published a perspective on the relevance of nucleobase
photophysical studies to the field of astrobiology.* During the Archean era (when life is

predicted to have originated),® Earth’s atmosphere lacked the ozone essential for filtering
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out highly-energetic UVC (100 — 280 nm, wavelength designations shown by horizontal
arrows in Figure 1.2) photons, which are energetic enough to break chemical bonds.®®
Figure 1.2 shows the solar irradiance spectrum at the Earth’s surface in comparison with
the spectrum above the atmosphere, which is a rough approximation of the solar irradiance
experienced in the absence of ozone.* The additional UVC radiation incident on the

prebiotic Earth would have limited the geological environments suitable for the formation

of life, and would have imposed a selection pressure on prebiotic chemistry.

NH, 0 15+
N X N
N NH
< _ < L
N™N N™"N""NH, e
R R =
G 10 —
Adenine Guanine F.'§
(@) (0] ma
HN | CHs HN | ;’5
O%N O%\N
R R
Thymine Uracil
0= T T T |
220 240 260 280 300

Wavelength (nm)
Figure 1.1. Structures of the canonical nucleobases (R = H) found in DNA (A, G, C, and
T) and RNA (A, G, C, and U) shown next to their color-coded absorption spectra. Adapted
from ref. 21.
As shown in Figure 1.2, the nucleobases that comprise modern RNA and DNA,
known as the canonical bases A, G, C, T, and U, absorb precisely in the UVC region.*
Excited-state dynamics investigations have revealed that the canonical bases have

photophysical properties associated with intrinsic photostability, or UV hardiness,

differentiating them from many molecularly similar alternative nucleobases. This finding
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has led to the hypothesis that the inherent molecular photostability of the canonical bases
may have contributed to their selection as life’s genetic material in the early stages of
chemical evolution.® Studying the excited-state dynamics of the nucleobases and other
terrestrial biological molecules is thus important for identifying life and possible life-

sustaining chemistries on exoplanets.*

uvC uvB UVA
100 —« - > > 0
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] a2
5] 10 ©
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o E
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0.1 : | ! 10°
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Figure 1.2. UV absorption spectra of the nucleobases color-coded according to Figure 1.1
(left vertical axis). Solar irradiance spectra above the atmosphere (dashed gray trace) and
at the surface (black trace) of present-day Earth (right vertical axis), both obtained from
data collected at NREL.'® Note the logarithmic scale of the left and right axes. Adapted
from ref 4.

Interest in nucleobase photophysics began with an inquiry into the molecular
mechanisms responsible for photochemical damage of modern-day DNA and RNA. The
harmful effects of UV radiation on organisms and its correlation with skin cancer have

been known for centuries.'! Skin cancer occurs at rates that exceed those for any other type

of cancer even today.*>'® DNA excited-state dynamics research is largely motivated by the
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goal of understanding how UV-induced electronic excited states can lead to the formation

of mutagenic DNA photolesions, such as cyclobutane pyrimidine dimers (CPDs).*+%°

AA (Normalized)

3 2
0 15 100 1000
Delay Time (ps)

Figure 1.3. Transient signals of the 5’-monophosphate forms of adenosine (red circles) and
guanosine (blue triangles) and the dinucleotide (black squares) composed of both bases
(structure shown) recorded using UV-pump / broadband mid-IR probe wavelengths. The
decay of the base-stacked dinucleotide contains an additional long-lived signal that is not
present in the transient signals of the monomer bases. Note that all labile protons on the
dinucleotide structure are replaced with deuterons due to mid-IR probing. Adapted from
ref 4.

Femtosecond pump-probe transient absorption (TA) spectroscopy is commonly
employed to monitor excited-state dynamics on ultrafast timescales. Early studies revealed
the quantum yields for UV-induced photoproduct formation in DNA are less than 1%,6-18
The first ultrafast spectroscopic measurements on the canonical bases in aqueous solution
revealed that their UV-induced excited states deactivate non-radiatively on the hundreds

of femtoseconds timescale.'®%° Using ultrafast spectroscopic techniques, research over the

last 20 years has achieved a detailed understanding of the excited-state dynamics of
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monomer RNA and DNA bases.» ® 2! This foundation was well established when | began
my thesis work five years ago. However, the same level of comprehension had not been
reached for excited-state processes operative in single- and double-stranded DNA.

In DNA strands, long-lived (tens to hundreds of ps) decay signals are observed in
addition to shorter ps and sub-ps lifetimes (Figure 1.3). The shorter lifetimes are
comparable to those of the corresponding monomer bases and are thus attributed to
deactivation of unstacked bases (Figure 1.4). The long-lived signals have been more
difficult to interpret.?? Among disparate interpretations, the nature of the excited states
responsible for these long-lived transient signals has been highly debated.?®>2* Our group
hypothesized that the long-lived signals observed in single-stranded DNA reflect charge
transfer (CT) excited states, which form when UV-induced excitation of two r-stacked
bases in a DNA strand decays to an excimer or exciplex consisting of a radical ion contact
pair (Figure 1.4).2>-% Others maintain that the excited states involve delocalized neutral
excitons spanning at least two bases in strands.?’28 Despite significant experimental and
theoretical work over the last decade, consensus in assigning the long-lived excited states
in DNA single strands had not been fully reached at the beginning of this thesis work.

One of the main objectives of this thesis is to provide definitive spectroscopic
evidence needed to determine the excited states responsible for long-lived transient signals
observed in DNA strands. The studies presented in this dissertation resulted in the direct
observation of radical ion species generated from photoinduced electron transfer (ET)
between stacked nucleobases.?® Using time-resolved IR (TRIR) TA spectroscopy, we

collected ultrafast spectroscopic measurements on DNA dinucleotides containing



6
oxidatively damaged DNA bases, which were chosen based on their proposed ability to
undergo photoinduced ET (see below).2-! Our observations of radical ion species suggests
that ultrafast intrastrand ET is a principal decay channel in the dinucleotides studied and
have added to the evidence supporting assignment of the long-lived excited states in single-

stranded DNA to CT states.? 3234

Unstacked Bases: Monomer Decay via UIC and VC

uic vC
uv - —_—

\ 100s fs 2-10ps

Stacked Bases: Excitons Decay to CT States

uv

\ © Forward ET ‘1% Back ET
e § 22
<1ps N — 10 — 500 ps

e-
4 I v

Figure 1.4. Proposed model for UV-induced excited-state deactivation in single-stranded
DNA showing the distinct decay pathways of unstacked and stacked bases. Unstacked
bases decay via monomeric pathways, i.e., ultrafast internal conversion (UIC) followed by
vibrational cooling (VC). Stacked bases initially decay to a charge transfer state formed
upon forward electron transfer (ET), and subsequent back ET on a lengthened timescale of
tens to hundreds of picoseconds returns the population to the ground state.

In Chapter 3, I present and discuss our published work detecting CT species in a
dinucleotide containing the oxidative product 8-oxo-7,8-dihydroguanine and A, along with

the impact this and similar observations by others has had on the interpretation of excited-

state dynamics in single- and double-stranded DNA.323% 353 Djsentangling the excited-
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state dynamics of DNA is even more complex in double-stranded systems, where bases are
both w-stacked and base-paired. Some studies have postulated that the interstrand base-
pairing interaction drives DNA excited-state deactivation,® whereas there is also evidence
suggesting intrastrand base-stacking has the greater influence on the excited-state
dynamics.?® Through the course of my thesis research, we also used TRIR to illuminate the
deactivation pathways in DNA duplexes. | conclude Chapter 3 with a summary of the main
findings from these DNA duplex studies.3°36: 38

Interestingly, the oxidatively damaged bases mentioned above are prebiotically
relevant.3! The canonical bases are susceptible to oxidative damage by endogenous or
exogenous oxidizing agents.>® Upon oxidative damage, the weakly redox-active canonical
bases become better electron donors. The one-electron oxidative products of guanine,
cytosine, and uracil, 8-oxo0-7,8-dihydroguanine, 5-hydroxycytosine, and 5-hydroxyuracil,
respectively, are proposed to be flavin precursors based on their enhanced redox
properties® and their ability to repair CPD photoproducts upon irradiation in a
hypothesized photoinduced ET mechanism.®* 4 In Chapters 3 and 4, | present ultrafast
spectroscopic studies of these oxidatively damaged bases, as monomer nucleosides and as
dinucleotides with adenine. The results reveal that all three oxidative products undergo
photoinduced ET to base-stacked adenine, which supports the proposed mechanism of
CPD repair. Furthermore, these results reinforce the hypothesis that oxidatively damaged
bases may have functioned as primitive redox cofactors before the advent of modern

enzymes. 3t 40
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Another project presented in this dissertation is the first ultrafast spectroscopic
investigation of the excited-state properties of the pigment violacein. In collaboration with
the Christine Foreman group from Montana State University’s Department of Biofilm
Engineering, we conducted steady-state and time-resolved measurements of the excited-
state deactivation of violacein produced by Janthinobacterium sp. CG23_2, an Antarctic
bacterial species isolated from supraglacial stream water.* Violacein absorbs across the
UV and visible regions, giving rise to its deep purple color. Among the many known
beneficial properties of violacein,*? it has been proposed to provide photoprotection for the
bacteria that produce it.***° Under UV irradiation, violacein-pigmented bacteria showed
increased survival rates compared to non-pigmented bacteria, supporting the putative
sunscreening role of violacein.*34

Molecular sunscreens are characterized by high rates of non-radiative excited-state
decay.*® The efficient and ultrafast non-radiative decay observed in DNA nucleobases has
led to them being described as natural sunscreens.* 2° Presented in Chapter 5, we measured
an ultralow fluorescence quantum yield and a ps excited-state lifetime for violacein in
methanol. Interestingly, the fluorescence quantum yield and the excited-state lifetime of
violacein increase in increasingly viscous solvents and at cryogenic temperature. | discuss
these results as they relate to the mechanism of deactivation and the proposed sunscreening
ability of violacein. To the best of our knowledge, this is the first ultrafast spectroscopic
investigation of violacein’s excited-state dynamics in various solvents.

This dissertation is organized as follows. Ultrafast spectroscopic techniques and

experimental methods are detailed in Chapter 2. In Chapter 3, | summarize our published
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work on the photophysics of the 8-oxo0-7,8-dihydroguanine monomer nucleoside and its
dinucleotide with adenine. My aim in this chapter is to highlight how our observation of
photoinduced ET in a model dinucleotide has aided in resolving the nature of long-lived
excited states in DNA strands. In Chapter 4, | present and discuss recent observations of
photoinduced ET in two more dinucleotides containing the oxidatively damaged
pyrimidines, 5-hydroxycytidine and 5-hydroxyuridine. The photophysics of these 5-
hydroxypyrimidine monomer nucleosides have not been evaluated previously, and their
excited-state dynamics in aqueous solution are also presented in Chapter 4. The excited-
state deactivation dynamics of violacein isolated from Antarctic bacteria are presented in
Chapter 5. The photophysics of this bisindolic pigment were investigated in acetone,
methanol, ethylene glycol, glycerol, a choline-chloride-based deep eutectic solvent, and in
a 5:1 volume ratio ethanol / methanol optical glass at 77 K. Lastly, in Chapter 6, | provide
a summary of the key findings presented in this dissertation and offer suggestions for future

research directions.
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CHAPTER TWO

EXPERIMENTAL METHODS

2.1 Transient Absorption Spectroscopy

2.1.1 Introduction

Femtosecond pump-probe TA spectroscopy is well-suited for studying
photophysical processes of biomolecules in solution because it enables one to directly
monitor ultrafast (sub-picosecond) excited-state transitions, including those that involve
non-emissive states.? At the heart of the femtosecond pump-probe TA technique is the
ultrafast pulse-generating laser. Obtaining laser pulses that are both ultrafast and energetic
enough for studying electronic transitions is not trivial. The development of the chirped-
pulse amplification (CPA) technique has greatly increased spectroscopic time resolution,
which is determined by the duration of the laser pulse. In this section, the general theory
behind CPA and the femtosecond pump-probe technique is briefly described.

CPA is responsible for generating the femtosecond pulses used in TA and works
essentially as its name describes. An initial weak pulse with short duration is stretched, or
chirped, which decreases its peak power. The chirped pulse is then amplified to increase
its peak power, and after amplification the pulse is recompressed to almost its original
temporal width.*” The basic principle behind CPA is shown in Figure 2.1. In practice, pulse
shaping is achieved by diffraction gratings, which delay certain wavelengths with respect
to others, thereby slowing their relative arrival time to a given point in space and effectively

broadening the pulse temporally. After amplifying the energy of the pulse with a pump
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laser, a second, but oppositely acting, diffraction grating is used to compress the amplified-
pulse duration. The result is a laser pulse that has both high energy, which is necessary to
promote excited-state transitions in molecules of interest, and ultrashort temporal

resolution, which is necessary to observe ultrafast excited-state processes as they are

occurring.
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Figure 2.1. Schematic illustrating the general principle of the chirped-pulse amplification
technique used to generate the ultrashort, high-energy pulses used in femtosecond pump-
probe spectroscopy.

In femtosecond pump-probe spectroscopy, an initial UV or visible pulse (pump)
promotes a portion of the ground state population to an excited state. Over time, the
excited-state population decays, which is monitored by observing changes in the
transmission (or absorption) of a second pulse (probe). The relative arrival time between
the pump and probe pulses, or delay time, is determined by the difference of the two
travelling path lengths, which is controlled using an optical delay stage (Figure 2.2).
Throughout this thesis, TA data is plotted as the change in absorption of the probe versus

the delay time. Exponential functions are used to fit the resulting kinetics, and produce
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time components that can be attributed to excited-state lifetimes or other processes that

occur on the excited state.
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Figure 2.2. Optical layout of the femtosecond pump-probe techniques used, with UV pump
(third harmonic generation) / visible probe (green OPA) TA set-up shown on the left and
the UV pump (blue OPA) / broadband mid-IR probe (DFG) TRIR set-up shown on the
right. The 800 nm fundamental (red beam) is produced in the Ti:sapphire oscillator (Libra).

Pump wavelengths are selected based on the ground-state electronic absorption
spectrum of the molecule of interest. For instance, a 265 nm pump beam excites the
canonical nucleobases to their first ™ excited state. Different probe wavelengths can be

used to interrogate different excited-state events to provide a more detailed understanding

of the excited-state dynamics. Using nucleobases as an example again, a 250 nm probe
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beam monitors repopulation of the ground state, known as ground-state bleaching (GSB),
whereas a 570 nm probe beam captures excited-state absorption (ESA).

UV and visible wavelengths probe electronic transitions. However, in solution
electronic transitions result in bands that are broad and often overlapping. Consequently,
spectra obtained from UV/visible probing can be difficult or ambiguous to interpret. In
broadband TRIR spectroscopy, mid-IR probe beams are used to monitor vibrational
transitions, which produce narrower spectral bands that can be easier to interpret than
electronic bands.*® Another advantage of TRIR is that mid-IR beams are spectrally broad
((AtAv = 0.44) for Gaussian-shaped pulses), spanning about 200 cm™ in our instrument. As
a result, a single mid-IR probe beam provides a range of spectral data and can measure
GSB and ESA kinetics simultaneously.

Both TA and TRIR spectroscopies were utilized in the research presented in this
dissertation. In our lab, ultrashort pulses were generated using CPA in a 1 kHz titanium
sapphire (Ti:Sapphire) regenerative amplifier (Libra HE, Coherent), which produced 3.5
W of 800 nm fundamental laser pulses with 80 fs duration. The optical layout is shown in
Figure 2.2. One side of the laboratory was set up for single-wavelength UV/visible TA
spectroscopy, and the other side was set up for broadband TRIR spectroscopy. In the
remainder of this section, the experimental methods pertaining to ultrafast spectroscopic

measurements are given.

2.1.2. Single-Wavelength Transient Absorption

UV and visible beams were generally produced using a white-light-seeded, two-

stage optical parametric amplifier (OPA, OPerA Solo, Coherent), which was pumped by
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approximately 1 W of the 800 nm fundamental. The UV pump beam centered at 266 nm
was produced by third harmonic generation of about 20% of the 800 nm fundamental. First,
a type 1 BBO crystal was used to produced 400 nm by doubling the 800 nm fundamental.
Next, a type Il BBO was used for sum frequency generation of the 400 and 800 nm beams
to produce the 266 nm laser beam (Figure 2.2).

The probe beam was delayed with respect to the pump beam in all TA experiments
described in this dissertation. A computer-controlled motorized translation state (Newport
Inc.) was used to control the optical path length of the probe, giving ~4 ns of total delay
time at ~8 fs resolution. A mechanical optical chopper (New Focus) operating at 333 Hz
let through every third pump pulse. The pump beam was attenuated to about 0.3 mW using
a neutral density filter, and focused to a defined spot size, ranging from ~300 — 600 pum.
The specific values are given in the experimental sections in each of the following chapters.
In all experiments, the relative linear polarizations of the pump and probe beams were set
to the magic angle (54.7°) to eliminate signal contribution from molecular reorientation.

The pump and probe beams were spatially and temporally overlapped at the sample,
which was recirculated through a flow cell (Harrick), unless otherwise indicated.
Previously in the Kohler group, it was determined that flowing the irradiated samples
decreased the amount of photodegradation or photodamage occurrence in the samples.?® 4
In all TA experiments, steady-state UV-visible absorption spectra measurements of the
sample were taken before and after laser exposure to monitor photodegradation and

determine if photoproducts had formed through the course of the experiment.
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After the sample, the pump beam was blocked and the probe beam was guided into
a double-grating monochromator equipped with a photomultiplier tube (PMT). The small
change in the probe signal in the presence of the pump was detected by a lock-in amplifier
(Stanford Research Systems Inc.) referenced to the modulation frequency of the optical
chopper, and recorded by our LabVIEW-based data collection program. TA signals were
recorded as the change in absorbance (AA) calculated from the detected intensity (1) of the
probe with the pump on and off using the equation

I

pump off) (21)

pump on

AA =10g(

According to this equation, when lpumpoff < lpumpon, AA < 0, and the resulting transient signal

is negative. Signals are positive in the opposite case.

2.1.2.1 Lock-In Amplifier Phase Check. In practice, the sign of the TA signal

depends on the phase setting on the lock-in amplifier. In most experiments, the lock-in
phase was set according to the transient signal of a sample that has been well-described
before, i.e., the phase was set to give a negative signal when using probe wavelengths that
were known to probe GSB. In some experiments described in this thesis (Chapter 5), the
electronic transition being probed was unknown. A positive “spike” due to coherent two-
photon absorption of the solvent could aid in determining the correct lock-in phase,
however this signal is not observed when both pump and probe wavelengths are in the
visible region, such as those used in Chapter 5, because the two-photon absorption cross
section of water or alcohol is extremely small. Although a reasonable solution to this

problem could be to first check that the lock-in phase is set correctly by observing a sample
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with a known TA signal before the sample in question. However, out of concern for
obtaining a more universally applied procedure, we devised a method for accurately

determining the lock-in amplifier phase for any pump/probe wavelength combination.

Set Lock-In
1 kHz Fundamental Pulse Train Amplifier Phase to
é Reflect Positive
| Signal
0 Delay Time ”
Pump Chopped at 333 Hz (1 kHz Reference)
N
Represents |y;mp on
Ipump on < Ipump off
Probe Chopped at 666 Hz (333 Hz Reference) > S AASO
| | | | Represents |pmp off

Figure 2.3. Schematic illustrating method developed for correctly determining the phase of
the lock-in amplifier for any pump/probe wavelengths used.

The main idea is to simulate a large positive signal (lpump off > lpump on) Without using
an actual sample that can be interpreted according to egn. (2.1). The phase of the lock-in
amplifier is set to reflect the positive sign of this simulated signal. As illustrated in Figure
2.3, the method requires the use of a second optical chopper wheel, which is set to block 1
out of 3 probe pulses that have the same repetition rate as the 1 kHz fundamental. This
setting is the reverse of the chopper used for the pump beam, which is set to pass 1 out of
every 3 pump pulses. The former probe chopper is referenced to the 333 Hz frequency of
the latter pump. The relative phase of the probe chopper must be offset by 120° with respect
to the pump chopper, so that the first passed pulses do not overlap with one another (Figure

2.3). By setting the phase relation in this way, the pump pulses represent the simulated
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positive signal (loump on), and the probe pulses represent the signal when the pump is off
(Ipump off). After setting the lock-in phase to reflect the correct sign of the positive transient
signal, the second chopper is removed from the probe line and the experiment is carried
out as normal using the determined lock-in phase.

We tested this method by using it to set the lock-in phase before flowing in a sample
with a known TA signal sign. Using this method resulted in the correct TA signal sign, as
expected. It was also determined that the method works for any probe wavelength, as the
method accurately predicted the lock-in phase to produce known transient signals using
several other probe wavelengths. We also confirmed that, when the choppers are set
correctly, the exact placement of the second probe chopper on the laser table is not crucial

to interpreting the correct lock-in phase.

2.1.3 Time-Resolved IR Spectroscopy

An OPA was used to produce the UV pump beams used in TRIR experiments. The
pump beam was delayed using a motorized translation stage and chopped at 500 Hz to
block every other pulse. As in the TA measurements, the pump energy was attenuated and
the beam was focused to a defined spot size at the sample, as detailed in the experimental
sections of each chapter. A second OPA (TOPAS-C, Light Conversion) was pumped with
800 mW of the laser fundamental to produce signal and idler pulses, which were
subsequently mixed non-collinearly in a GaSe crystal for difference frequency generation
(NDFG, Light Conversion) to produce about 8 — 10 mW of mid-IR pulses with a bandwidth

of 150 — 200 cm™. The pump and probe polarizations were set to the magic angle (54.7°)
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by rotating the probe beam using a CaF2 holographic wire-grid polarizer. The power of the
probe beam was controlled by a second polarizer of this type.

The mid-IR beam was split into two portions, “signal” and “reference” using a 3
mm Zn Se beam splitter. Both beams were passed through the sample, and the signal beam
was overlapped with the pump beam while the reference beam, vertically displaced by 7.5
mm below the signal, was used to reduce pulse-to-pulse noise. The signal and reference
beams were recollimated and focused into a spectrograph (Triax, Horiba) with a 0.75 mm
entrance slit. A 100 lines/mm grating blazed at 6000 nm projected both beams onto a dual-
row, 64-element mercury-cadmium-telluride diode array (Infrared Systems Development),
which was cooled by liquid nitrogen. The signal was detected by the bottom row, and the
reference was detected by the top row. The intensity (I) of the mid-IR beam was recorded
at each diode and the spectrum was calculated as the change in absorbance (AA) according

to egn. (2.2).

AA — log (]signal, pump off / [reference, pump off) (22)

Isignal, pump on / Ireference, pump on
At each delay time in the TRIR data, the plotted spectrum is the average of 5,000
spectra. As in the TA experiments, the samples were recirculated through a flow cell. DO
(Cambridge Isotope Laboratories) was used for all TRIR experiments to increase optical
transparency in the mid-IR probe regions of interest, which was the double-bond stretching
“fingerprint” region in all experiments presented here. Steady-state UV-visible and FTIR
absorption spectra were measured before and after laser exposure to monitor sample

degradation and any photoproduct formation.
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2.2 Time-Correlated Single-Photon Counting

TA is useful for studying excited-state dynamics involving dark states that cannot
be easily detected in emission experiments.?! If the sample is emissive, however, time-
resolved emission techniques are also commonly employed in solution-phase experiments.
Another useful technique is time-correlated single-photon counting (TCSPC), which
provides time-dependent emission decay measurements. This technique can detect very
weak emission, but its high sensitivity is obtained at the expense of time resolution
(approximately 50 ps). As discussed in Chapter 5, time-resolved emission measurements
were collected at 77 K using TCSPC. In this section, the instrument is briefly described,

followed by the preparation method of the optical glass used at cryogenic temperatures.
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Figure 2.4. Schematic of the optical layout of the TCSPC instrument used to collect time-
resolved emission measurements.
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Figure 2.4 displays the optical layout of our TCSPC instrument. A tunable
Ti:Sapphire laser (Chameleon Ultra 11, Coherent Inc.) produced 795 and 930 nm laser
fundamental pulses (180 fs, 80 MHz), which were converted into 265 and 310 nm using a
harmonics generator (Coherent Inc.). An electro-optic modulator (M350-80, Conoptics)
reduced the repetition rate to 4 MHz. The TCSPC setup consists of a fluorescence lifetime
spectrometer (Picoquant model FluoTime 200 with Picoharp 300 timing electronics) and a
microchannel plate photomultiplier (MCP-PMT, Hamamatsu) detector set at the right-
angle geometry. Excitation beams were linearly polarized using a Glan-Thompson
polarizer. The excitation pulses were filtered using a 300 nm long pass filter (Ashai), and
the emission from the sample was passed through a polarizer set to the magic angle (54.7°)
relative to the polarization of the excitation beam. The instrument response function (IRF)
was determined from the scattering of a solution of dilute Ludox® HS-40 colloidal silica
(Sigma Aldrich) at 265 nm. The IRF fwhm was approximately 50 ps. A bin width of 8.0

ps was used for each TCSPC measurement.

2.2.1 Measurements at 77 K

Prof. Kimberly de La Harpe from the U.S. Air Force Academy in Colorado Springs
kindly provided a finger-Dewar cryogenic sample holder (Thorlabs) from her lab for
TCSPC measurements at 77 K at MSU. Various solvents and solvent combinations were
tested for their ability to form an optically transparent glass, i.e., a solid that does not crack
or form “snow” at 77 K.5%! The solutions were held in a quartz EPR tube, which does not
crack at 77 K, and submerged into the liquid-nitrogen filled finger-Dewar sample holder.

Some solutions cracked every time, whereas others cracked much less frequently. Care
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must be taken not to place the EPR tube into the liquid nitrogen too quickly or to bump the
side of the tube when doing so. For the TCSPC measurements of violacein emission at 77
K presented in Chapter 5, an ethanol / methanol solvent mixture in a 5:1 volume ratio was
used because it formed an optical glass when submerged with a frequency of 8 out of 10 to
9 out of 10 times.>® Methanol, another solvent used for violacein studies in Chapter 5,
instantly cracked throughout at 77 K making it unusable for cryogenic spectroscopic

measurements.

2.3 Sample Handling

2.3.1 Buffer Solution and DNA Sample Preparation

Unless otherwise indicated, all DNA samples were dissolved in a phosphate buffer
solution with 50 mM phosphate (H.PO4s~ / HPO4?") buffer and 100 mM NaCl. Generally,
the buffer was prepared by dissolving 0.034 g KH2POg4, 0.067 g Na2HPO4 and 0.054 ¢
NaCl in 10 mL of H20 or D20 using a volumetric flask.

The DNA samples studied in this dissertation were dissolved as received in the
phosphate buffer solution. Specific sample concentrations were prepared by weighing out
the proper amount of solid, or in the case that the amount required was too low to weigh
out, the exact concentration was determined from the UV-visible absorption spectrum
using the Beer-Lambert Law. In the samples where the extinction coefficient (¢) was
unknown, it was calculated by e = A/L-c, where A is the measured absorbance of the sample,

L is the optical path length, and c is the sample concentration.
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In Chapter 4, the D20 solution pD was adjusted by adding dropwise DCI or NaOD
(40 wt % in D20, 99.5 atom % D, Sigma-Aldrich) per the standard conversion pD = pH +
0.4, where pH was measured using a calibrated pH electrode. After experiments, all DNA

samples were adjusted back to neutral pH and stored in a freezer to minimize degradation.

2.3.2 Violacein Pigment Purification

The relative amount of impurities and the ratio of violacein and deoxyviolacein
compounds present in the pigment extracts from both wild-type (WT) and hyper-producing
mutant Janthinobacterium sp. CG23_2 strains (see Chapter 5 for details) were determined
using high-performance liquid chromatography (HPLC) with electrospray ionization mass
spectrometry (ESI-MS) detection in the Mass Spectrometry (MS) facility at Montana State
University. From these results, MS Facility coordinator Jonathan Hilmer devised a method

for further pigment purification using solid-phase extraction (SPE).

2.3.2.1 HPLC with ESI-MS Detection. The crude pigment extract was diluted 100-

fold using acetonitrile with 0.1% formic acid for HPLC. Formic acid was used to aid the
ionization of the analyte for MS detection (see below). About 100 puL of the dilute solution
was placed into an auto-collection sample vial and injected into a reverse-phase HPLC
column. Analytes were eluted using water with 0.1% formic acid (solvent A) and
acetonitrile with 0.1% formic acid (solvent B) mixtures (denoted as % B) with a gradient
of 50% B — 95% B at 600 uL/min over a course of 1 — 5 minutes. Eluted products were
detected using ESI-MS, which provides molecular weight information with each eluted

species enabling accurate molecule identification. The resulting HPLC chromatograms
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thus include weight assignments, designated as [M + H]*, or the analyte molecular weight
(M) plus the weight of a proton. Note that the superscript refers to the overall positive

charge of the analyte plus ESI-added proton.

2.3.2.2 Solid-Phase Extraction. Based on the mobile-phase gradient used in the

HPLC separations of the crude pigment extract solution, Jonathan Hilmer developed a
purification method using disposable C18 packed SPE columns (Sep-Pak Vac C18 6cc,
Waters) and HPLC grade acetonitrile / water mobile phases, which are designated in the
procedure below by the percent of organic solvent (% ACN) in H20.

The crude pigment extract solutions from WT Janthinobacterium sp. CG23_2 were
typically very dilute. Although the solutions from the hyper-producing mutants had much
higher concentrations of violacein, all extract solutions were in 50 — 100 mL of methanol.
To decrease solution volume the samples were dried and reconstituted in a smaller volume.
The methanol was evaporated using a water-pressurized rotary-evaporator with water-bath
heating (MP > 290°C for both violacein and deoxyviolacein).>? The dried pigment was
dissolved in 2 mL of DMSO and 2 mL of methanol, a solvent mixture that was expected
to help the pigment molecules adsorb onto the C18 solid phase. The 4 mL solutions were
diluted by half with pure H20, and SPE was carried out on these 8 mL total volume
solutions.

The 6 mL SPE columns were primed by washing with 3 column volumes of 50%
ACN, followed by 3 column volumes of 100% ACN, and finally, 1 column volume of 25%
ACN. The first step in the purification procedure, summarized in Figure 2.5, is to load the

pigment solution prepared, as described above. The flow through solution (FT) was
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transparent if the all pigment was completely loaded onto the column (see Figure 2.6(a)).
Next the loaded pigment was washed with 5 mL of 25% ACN to remove impurities, and
the solution was collected (W). The pigment was eluted using two different organic
solutions. First, 2 mL of 35% ACN was used to elute violacein (E1) and second, 6 mL 50%
ACN was used to elute the remainder of pigment, which consisted of a mixture of the
violacein and deoxyviolacein forms (E2). Each separation (FT, W, E1 and E2) was

collected for analysis by HPLC with ESI-MS detection.

1. Load Sample 2. Wash 3. First Elution 4. Second Elution
(violacein) (~30% deoxyviolacein)
C > C > C > C >
25% 35% 50%

8
B

B

Figure 2.5. Schematic of the solid-phase extraction purification procedure developed to
purify violacein (E1) and the violacein and deoxyviolacein mixture (E2) using disposable
C18 columns. The percentages indicate the percent acetonitrile in water used as the mobile
phases.

After elution of E2, almost no purple pigment was visible on the column, which
was subsequently cleaned using 100% ACN and primed for re-use. Each 6 mL column was

re-used up to three times without noticeable changes in efficiency of retaining the loaded

pigment, i.e., the FT solution was not transparent after about three uses (Figure 2.6(b)).



Figure 2.6. Photographs of (a) efficient pigment loading (transparent flow through solution)
and (b) inefficient pigment loading (purple pigment in the flow through and wash
solutions).

2.3.3 Deep Eutectic Solvent Preparation

Deep Eutectic solvents (DESSs) are novel non-agqueous ionic solvents consist of an
ammonium salt and a hydrogen bond donor in a 1:2 molar ratio. DESs can be made with a
variety of compositions providing a range of viscosities at room temperature.>® We have
prepared DESs using anhydrous choline chloride (Sigma Aldrich) as the ammonium salt
and urea, glycerol and ethylene glycol as the hydrogen bond donors, which produce DESs
with viscosities in decreasing order: UreaDES > GIyDES > EgDES. The Kohler group
began using DESs because DNA strands dissolved in DESs have been shown to maintain
their secondary structure enabling spectroscopic study of the oligomers in non-aqueous
environments.>*® In this section, the general DES preparation procedure is described,
including suggestions for avoiding frustrating pitfalls while preparing this finicky solvent,

followed by procedures for incorporating DNA and non-DNA solutes.
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DESs are prepared by heating a 1:2 molar ratio of ammonium salt and hydrogen
bond donor in a secured round bottom flask at 100°C until all solid is dissolved. Although
the solid(s) may dissolve in about an hour, it is recommended to continue heating for about
3 hours total. We observed that the solid precipitated after the solution cooled to room
temperature if the mixture is heated for an insufficient amount of time. Conversely, over-
heating the solution, either by heating for too long or heating at higher temperatures,
resulted in the solution turning faintly brown in color. Using a round-bottom flask
minimizes the portion of the vessel in direct contact with the hot plate. It is important to
closely monitor the solution as it is heating to maintain the temperature at 100°C. The
mixture should be heated under a chemical hood because the vapor is caustic. Clamping a
fractional distillation column into the opening of the round bottom flask helps the caustic
vapor to condense or to be guided upward into the fume hood. Unless the heating apparatus
has a temperature controller, the best way to monitor the temperature is to place a clamped-
down thermometer in a beaker filled with a low boiling point liquid, such as ethylene
glycol, and place this beaker on the heating plate alongside the round bottom flask. It is not
advised to directly place a thermometer into the round bottom flask because the DES
solution is very sensitive to contaminants.

All glassware must be thoroughly cleaned before use as even trace contaminants
appeared to compromise the quality of the solvent, either by causing it to crystallize at
room temperature or by causing the otherwise transparent solvent to become cloudy. On
this note, cleaning the glassware an hour or more before preparing the solution is

recommended to ensure it is completely dry before use. Because choline chloride is an
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ionic compound, it can absorb a substantial amount of water over time. Care must be taken
to reduce the amount of exposure to air and to store it in a dry environment or wrapped
tightly with parafilm between use.

After the mixture has been heated for a sufficient amount of time, it should be
allowed to equilibrate with room temperature before proceeding. In order to ensure that the
DES is water-free, especially if the experimental application specifically aims at
investigating non-aqueous solvent effects, the DES should be lyophilized over-night. Due
to its low freezing temperature, for best results the DES must be frozen in a -80°C freezer
before placing it in the lyophilizer. It is not advised to leave the solvent on the lyophilizer
for more than 24 hours, as doing so will cause it to crystallize completely and become
unusable.

Some solutes can be dissolved directly into the DES. For example, the violacein
pigment investigated in Chapter 5 was directly added to a 1 ChoCl : 2 Gly DES and
dissolved by gentle heating. DNA samples do not dissolve in DESs easily. To prepare DNA
samples using DES, the sample must be dissolved in a small amount of pure water (or D20)
before mixing the solution into the DES. If the DNA sample requires salt, which can help
stabilize the DNA secondary structure, 100 millimolal salt can be dissolved with the DNA
sample and added to the DES at the same time. The salt KCI is recommended over NaCl,
as once again, it was observed that using NaCl resulted in DES crystallization. When
making DNA samples, it is best to add the DNA before lyophilizing the sample over-night

to remove the water used to dissolve the DNA.
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2.3.4 Flow Cell

Unless otherwise indicated, samples were recirculated in a flow cell (Harrick)
during laser experiments to minimize re-excitation of relaxing chromophores. The cell is
assembled with two CaF> windows clamped together with either a 1 mm path length (TA
experiments) or a 100 um path length (TRIR experiments) spacer. The front window is 1
mm thick and the back window is 2 mm thick, which was intended to minimize broadening
of the pump pulses. Sample solutions contained in 2 mL vials were pulled through PTFE
septa caps (Fischer Scientific) with tubing connected to the pump drawing the solution

through the flow cell at linear flow rate of 0.1 m/s.

2.4 Steady-State Spectroscopy

2.4.1 UV-Visible Absorption

UV-visible absorption spectra were recorded using a table-top UV-visible
spectrophotometer (Lambda 25, Perkin-Elmer). The spectrum of a holmium oxide standard
was collected to ensure proper instrument calibration. Generally, cells with the following
path lengths were used for absorption measurements of the indicated sample
concentrations: 1 cm quartz cuvette (Starna) for fluorescence concentrations (~0.02 mM),
1 mm quartz cuvette (Starna) for TA concentrations (1 mM) and 100 um home-built cell
with CaF> windows for TRIR concentrations (10 mM). Background subtractions were
made using solvent-only measurements. Spectra were collected using 1 nm increments at

room temperature (20 + 2°C).
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2.4.2 FTIR Absorption

Ground-state vibrational absorption spectra were recorded using a table-top FTIR
spectrophotometer (FTIR 4200, Jasco, Inc.). The sample chamber was purged with dry air
from a generator for ten minutes before recording FTIR spectra. The spectra were collected
from 5000 — 500 cm™* with 4.0 cm™ resolution after 16 accumulations. Background spectra
for automatic background subtraction were recorded with the chamber empty, and solvent-
only spectra were recorded as sample scans for manual baseline subtractions. By doing this
the solvent spectrum could be saved and checked to ensure proper baseline subtraction.
Samples (10 mM) were held in the 100 pum spin cell with CaF2 windows. Note that as the
samples accumulate H2O by contact with the atmosphere or surfaces (vial, flow tube, etc.)
over time. To lessen this accumulation and to obtain clearer FTIR spectra, free from
interference from water absorption, it is recommended to thoroughly rinse the CaF:

windows with pure D-O before using them to record a sample FTIR spectrum.

2.4.3 Fluorescence

Steady-state emission spectra were recorded using a commercial fluorometer
(FluoroLog 3 FL3-11, Jobin-Yvon Horiba), which contains a 450 W xenon arc lamp as the
excitation source. Spectra were collected at the right-angle geometry, and were corrected
for spectral sensitivity of the instrument by multiplication with a wavelength-dependent
correction factor determined from a series of standards. All samples were held ina 1 cm
path length quartz cuvette, and all spectra were collected at room temperature (20 + 2°C).

In Chapters 3 and 4, the DNA samples studied were in D>O phosphate buffer

solution during TA or TRIR experiments. However, the emission spectra of these samples
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were collected in pure deionized H>O because the D20, phosphate buffer salts, and NaCl
exhibit substantial background emissions compared to the weakly emissive DNA samples.
This results in an imperfect baseline subtraction from the emission spectrum of the analyte,
and introduced significant error in the fluorescence quantum yield measurements.
Subtraction of a neat H.O background emission spectrum resulted in more accurate

fluorescence measurements in comparison with literature values.

2.4.4 Circular Dichroism

Circular dichroism (CD) spectra were collected using a spectropolarimeter (Model
J-815, Jasco, Inc.). Reported spectra are the average of two accumulations. Temperature-
controlled CD spectra were collected using a 1 mm quartz cell with a tight-fitting stopper
to prevent the solvent from evaporating and to prevent degassing and the introduction of
spectral noise from air bubbles in the solution. The temperature of the sample holder was
controlled by a Peltier mini water circulation bath (MCB-100, Jasco, Inc.). CD spectra were

recorded from 10°C — 80°C at 10°C intervals.

2.5 Data Processing

All data was plotted and processed using the IGOR Pro 6.37 program (Wavemetrics

Inc.), unless otherwise indicated.

2.5.1 Single-Wavelength Kinetics

Kinetic signals obtained from either TA or single-frequency TRIR signals were fit

using a sum of exponentials as given in the equation
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Yidiexp(-t/ty) (23)
where Aj is the amplitude of the i exponential component, which decays with the time

constant zi. All uncertainties are reported as 2c.

2.5.1.1 Solvated Electron Signal Subtraction Procedure. In Chapters 3 and 4,

solvated electron signals were observed in the 265 nm pump / 570 nm probe TA
measurements.>®>" These signals interfere with the kinetics pertaining to the analyte in
these experiments and were removed using a subtraction procedure described previously.?%
%8 Briefly, the solvated electron signal from a solvent-only TA Kinetic trace is scaled to tail-
match with the Kkinetic trace of another solute with a known signal and lifetime with the
same solvent and pump / probe wavelengths. These solutes must be prepared to match the
optical density of the analyte at the excitation wavelength. The scaled solvent kinetic trace
is subtracted from the solute Kinetic trace. If the remaining solute signal can be fit using its
known lifetime, the scaling factor is used to subtract the solvated electron signal from that
of the analyte. For the experiments described in Chapters 3 and 4, we used adenosine 3’-
monophosphate (AMP) in D20%° and caffeine in methanol®® as the known solutes,

respectively.

2.5.2 Broadband Spectra

The broadband spectra collected in TRIR experiments were processed by setting a
boxcar average and subtracting the pre-time zero offset. This was done using either the
LabVIEW program developed for our TRIR instrument (TAP, Tom’s Awesome Program),

or using the MatLab commands developed by Dr. Tom Zhang. The former data processing
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procedure produces a 123 x 64 matrix. To plot the spectra (AA vs. frequency) from this file
type (.ProcSpec), the matrix minus the first column, which contains the delay time points,
must be transposed. The 64 x 122 matrix produced using MatLab does not require
transposing and also does not contain the delay time points. TRIR spectra were globally
analyzed using the Glotaran program.8%-5! Note that the uncertainties produced in Glotaran
are 1o, and the reported values were multiplied by 2. Single-frequency kinetic data was
obtained from the row in the 64 x 122 matrix pertaining to the frequency of interest. The
data was transposed into column-form so it could be plotted against the delay time points
given in the first column of the 123 x 64 matrix (.ProcSpec file type). The kinetics were fit

with a sum of exponentials as described in Section 2.5.1 above.

2.5.3 TCSPC Emission Decay Spectra

Emission decays collected using the TCSPC instrument were fit using a model
function in the FluoFit Version 4.5 (PicoQuant) global analysis program. The function
(eqn. 2.4), formally described previously,®? consists of a sum of exponentials convoluted
with the normalized IRF, collected as described in Section 2.2.

=ty

S(H) = ['_IRF(Z — )X die 5" + NoAt-IRF(t— 1) (24)

Where Ajis the amplitude of the i decay lifetime component (), At is the bin width (0.008
ns), and ts is an adjustable parameter that accounts for temporal offset between emission
decays and the IRF. The No factor is included to account for the emitted photons that
account for emission decay components not detected within the 50 ps temporal resolution

of the instrument.
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CHAPTER THREE

THE NATURE OF LONG-LIVED TRANSIENT SIGNALS IN UV-EXCITED DNA

3.1 Introduction

Understanding the mechanisms by which DNA dissipates excess electronic energy
deposited by solar UV radiation is crucial because the efficiency of this process is directly
responsible for the integrity of genetic information. In the single monomers, non-radiative
decay channels provide access to the electronic ground state on a sub-picosecond timescale
in aqueous solution.®® However, femtosecond studies on DNA single and double strands in
aqueous solution reveal new lifetime components on the order of tens to hundreds of
picoseconds.? 3" The appearance of these long-lived signals suggests that fundamentally
different deactivation channels are accessed in higher-order systems. Covalently linked
bases are within 3.4 A of each other within strands, and the close arrangements of bases
alter the electrostatic and steric environments of the individual chromophores. Noncovalent
interactions, including base stacking and pairing, modify the DNA electronic structure and
could provide access to new photophysical pathways not available in the monomer bases.
Using the reductionist approach, researchers have worked to delineate excited-state
deactivation pathways in single oligonucleotide strands to better interpret duplex excited
states.

Over the last decade, the nature of the excited states that give rise to long-lived
transient signals in DNA strands has been highly debated.?*>>* Some attribute the new

signals to delocalized excitons spanning several bases.?> 2’ In 2005, our group proposed
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that the long-lived signals are due to CT states formed by photoinduced ET between two
n-stacked bases.? % In our model, UV excitation of oligonucleotide strands initially
generates delocalized excited states that rapidly (<0.5 ps) decay to CT states.%* The
resulting radical ion contact pair (Figure 1.4) subsequently undergoes back ET, which
restores the electronic ground state of the participating bases. The timescales of CT state
deactivation are thus dependent on ET rates, and Takaya et al. showed that the observed
lifetimes in a series of dinucleotides are consistent with calculated thermodynamic driving
forces for forward and back ET.%

Although significant experimental support exists for this model, %% 4° the direct
spectroscopic observation of photoinduced ET in DNA strands was lacking until recently.
In this chapter, | present our observation of photoinduced ET in a model DNA dinucleotide
consisting of the oxidatively damaged product of guanine, 8-o0xo0-7,8-dihydro-2’-
deoxyguanosine (O), at the 5’-position and 2’-deoxyadenosine (A) at the 3’-position
(d(OA)). Oxidation results in the lower reduction potential of O compared to G (0.74 V
compared to 1.29 V vs. NHE).%® |t was previously shown that O can mediate
photoinduced repair of CPD photoproducts via a proposed ET mechanism.>® ° With its
enhanced photo-redox properties, O is a useful modified base for investigating
photoinduced ET processes in single-stranded DNA. Incorporating the oxidative product
into a dinucleotide with A also enables the advantage of selective excitation, as O has a
significantly red-shifted absorption band compared to its canonical form (Figure 3.1).

After selectively exciting O within d(OA), we monitored the dynamics using TRIR

spectroscopy. We observed transient vibrational bands assigned to radical ion species
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generated by UV-induced ET from O to base-stacked A. Global fitting analysis of the
broadband TRIR spectra produced two lifetimes, one corresponding to that of the O
monomer and a long-lived lifetime on the order of tens of picoseconds. By comparing the
time- and frequency-resolved TRIR spectra with time-dependent DFT calculations, the
radical ion marker bands were unambiguously identified and the long-lived lifetime was
assigned to the rate of back ET between A and 0.%°

Observing O undergo excited-state ET provides physical basis for the proposed
photoinduced ET CPD repair mechanism, which is reminiscent of the CPD repair
mechanism identified in the flavin adenine dinucleotide (FAD) redox cofactor of
photolyase.®” The significance of this connection is more thoroughly discussed in Chapter
4. Here, | focus more on the implications of our results for interpreting long-lived transient
signals in time-resolved DNA excited-state measurements. By drawing on recent
experimental work, undertaken by our group and others, I conclude this chapter with a
discussion of several new developments in the field of DNA excited-state dynamics to
emphasize how the results obtained for a modified dinucleotide apply to natural DNA

systems.

3.2 Experimental

Monomer O (> 97%, Berry and Associates, Inc.) samples were prepared by
dissolving the solid as received in 2 mL of D.O phosphate buffer solution (buffer recipe
given in Chapter 2). The d(OA) dinucleotide was synthesized, characterized, and

generously donated by Dr. Xi-Bo Li from the Cynthia J. Burrows research group at the
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University of Utah in Salt Lake City. The full synthesis and characterization procedure has
been reported previously.?® Dr. Li sent 10 pmol of dried d(OA) sample. A mixture of O
and AMP was prepared using 5 pmol of each base to match the concentrations of O and A
in the d(OA) sample. The d(OA) and equimolar mixture samples were each dissolved in 2
mL of the D.O phosphate buffer solution. All sample concentrations were 1 mM for UV
pump / visible probe TA and 10 mM for UV pump / broadband mid-IR probe TRIR
measurements.

Steady-state UV absorption and FTIR spectra were collected as described in
Chapter 2 before and after laser irradiation for all samples. Steady-state emission spectra
were collected for O and guanosine 5’-monophosphate (GMP) samples dissolved in pure
deionized H>O without buffer or NaCl (see Chapter 2). The samples were adjusted to have
optical densities of 0.2 at the excitation wavelength (285 nm) to avoid reabsorption of
emitted photons. Emission intensity was recorded every 2.5 nm with 20.0 s integration time
using 5.0 nm bandpass slit widths. Temperature-dependent CD spectra were collected
using 1 mM solutions in a 1 mm path length capped quartz cell.

Details of the UV pump / visible probe TA and UV pump / broadband mid-IR probe
TRIR spectroscopy experiments are given in Chapter 2, whereas the methods pertinent to
the measurements reported in this chapter are outlined here. For the UV pump / visible
probe TA experiments, the 266 nm pump beam was produced by third harmonic generation
of the 800 nm laser fundamental, and the 570 nm probe beam was generated by an OPA
with about 1 W of the fundamental. The pump beam was focused to 220 um (fwhm) at the

sample with a pulse energy of 0.9 uJ. For the UV pump / broadband mid-IR probe TRIR
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experiments, the 265 and 295 nm pump beams were produced by an OPA and the
broadband mid-IR probe beam centered at 1626 cm™ (200 cm™ bandwidth) was produced
using the TOPAS. The 265 nm pulse energy was 3.2 uJ (470 um spot size at fwhm) and

the 295 nm pulse energy was 1.5 pJ (370 um spot size at fwhm) at the sample.

3.2.1 Computational Methods. Prof. Roberto Improta at IBB-CNR in Naples

performed geometry optimizations and calculated the vibrational frequencies of the O and
A monomer nucleobases and their radical ionic forms using TD-DFT with the PBEQ®®
functional and the 6-31+G(d,p) basis set. Deuterium atoms were used in place of all labile
hydrogen atoms. The 2’-deoxyribose groups and five explicit DO molecules were
included, and the bulk solvent was approximated using a polarizable continuum model.®
The ground-state geometry and vibrational frequencies of the dinucleoside monophosphate
were calculated using PBEO and M052X™ functionals. The excited-state geometry and
vibrational frequencies were estimated by their time-dependent extensions,’* using the
smaller 6-31G(d) basis set without including explicit DO molecules due to high
computational costs. A scaling factor of 0.972 was applied to the vibrational frequencies
to account for anharmonicities of the vibrational potentials and for better comparison with

experimental spectra.

3.3 Results

3.3.1. 8-Ox0-7,8-Dihydro-2’-Deoxyquanosine Photophysics

One-electron oxidation of G results in carbonyl substitution at the C8 position on

the imidazole ring. O has a pKa value at 8.6 corresponding to the N1 proton.”? At
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physiological pH the N1 position is predominantly protonated, and the most stable
tautomer is the 6,8-diketo form shown in Figure 3.1.”2 The UV absorption spectrum of O
in neutral aqueous buffer solution, shown by the red trace in Figure 3.1, is consistent with
its previously reported spectrum.’ The spectrum exhibits two distinct transitions centered
at 293 and 247 nm, corresponding to the first and second rmr* transitions.”® The first

transition is significantly red-shifted in O compared to GMP (green trace in Figure 3.1), in
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Figure 3.1. UV absorption spectra of 8-o0xo-7,8-dihydro-2’-deoxyguanosine (O) at neutral
pD (red trace) and guanosine 5’-monophosphate (GMP, green structure) in D20 phosphate
buffer solution. Note that the spectrum of GMP is scaled by a factor of 1/3 for better
comparison of its long-wavelength shoulder with the long-wavelength band of O. Inset is
the chemical structure of O. Adapted from ref 75.

which this transition is merely a shoulder on the red-edge of the stronger band centered at
252 nm. Theoretical calculations attribute the long-wavelength shoulder of the G
absorption spectrum (green trace in Figure 3.1) to the LUMO « HOMO transition, with
the LUMO localized on the imidazole ring.”* Upon C8 carbonyl substitution at the

imidazole, the energy of the LUMO « HOMO transition decreases and the electronic
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structure of G shifts to longer wavelengths. This is consistent with the theoretical
calculations of the first couple electronic energy levels of O provided by our collaborator
Spiridoula Matsika from Temple University in Philadelphia.” Thus, the transition is
significantly red-shifted upon C8 carbonyl addition, and the shoulder on the red edge of
UV absorption in GMP becomes a discrete second absorption band centered at 293 nm in
0. By scaling the absorption spectrum of GMP in Figure 3.1 by a factor of 1/3, this band

shifting effect is clearly shown.
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Figure 3.2. Excited-state absorption Kkinetics of 8-oxo-7,8-dihydro-2’-deoxyguanosine (O)
in D20 phosphate buffer solution (red circles) collected with 266 nm pump and 570 nm
probe wavelengths. The decay was fit using a monoexponential function (red trace), which
produced the lifetime indicated. Note the break in linear and logarithmic scales of the x-
axis at 5 ps. Adapted from ref 75.

The excited-state lifetime of O in D>O phosphate buffer solution was measured
using 266 nm pump / 570 nm probe TA. This probe wavelength is often used to monitor

ESA without contributions from VC,’® which is observed when probing the ground state
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using wavelengths that monitor GSB transitions. However, this pump / probe wavelength
combination generates solvated electrons by two-photon ionization of the aqueous
solvent.®® The ESA kinetics of O shown in Figure 3.2 were corrected by subtraction of the
solvated electron signal using the procedure described in Chapter 2. The excited-state
kinetics of O decay monoexponentially with complete ground-state recovery, i.e., all
transient signals return to the AA = 0 baseline. A single exponential fitting function, with

deconvolution of the instrument response (~0.2 ps), produced a lifetime of = 0.9 £ 0.1 ps.
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Figure 3.3. TRIR spectra of 8-0x0-7,8-dihydro-2’-deoxyguanosine (O) in D20 phosphate
buffer solution collected using 295 nm pump and 1626 cm™ center-frequency broadband
probe with overlaid inverted FTIR spectrum (dashed black trace) (a). The delay times are
indicated in the legend above panel (a). Single-frequency kinetics from the 1662 cm™
ground-state bleach band (solid red circles) fit with a single exponential, producing the
indicated lifetime (b). Note the break in linear and logarithmic scales of the x-axis at 20 ps.
Adapted from ref 75.

Figure 3.3(a) displays the 295 nm pump / 1626 cm™* center-frequency broadband
mid-IR probe TRIR spectra of O in D20 phosphate buffer solution plotted at delay times
from 1 — 1000 ps. Note the horizontal dotted line at AA = 0, which was included to

differentiate negative signals from positive signals. After excitation of the first lnm*
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transition using the 295 nm pump beam, negative and positive features arise by 1 ps and
decrease in signal amplitude (AA — 0) as they decay completely by 10 ps to a featureless
negative offset that extends out to 1 ns. The negative offset is due to altered absorption of
the solvent after heating by the 295 nm pump pulses.*

The inverted FTIR of O in the same D-O phosphate buffer solution (dashed black
trace) is overlaid for comparison with the TRIR spectra in Figure 3.3(a). Four distinct
vibrational modes of O are observed in the mid-IR region shown. Jayanth et al. assigned
these IR bands, from highest to lowest frequencies, to C8=0 and C6=0 carbonyl stretching
modes and pyrimidine and pyrimidine + imidazole ring stretches.” Importantly, the bands
observed at 1702 and 1662 cm™, due to the C8=0 and C6=0 stretching modes,
respectively, confirm that O is predominantly present in the 6,8-diketo form in neutral
solution. The C6=0 carbonyl stretching mode at 1662 cm™ is observed at the same
frequency in the FTIR spectrum of GMP,’” which further suggests that the additional C8=0
carbonyl in O more greatly affects the energy associated with the imidazole ring in GMP,
and does not affect the vibrational energy of the pyrimidine ring C6 carbonyl.

The negative TRIR spectral features align with the ground-state IR absorption
bands, and are thus due to GSB. Single-frequency kinetics taken at the 1662 cm™ GSB
band (Figure 3.3(b)) were fit using a single exponential function with a negative offset to
account for the solvent heating. The monoexponential fit gave a lifetime of r = 2.1 £ 0.4
ps. The positive band at 1631 cm™ decays on the same timescale.” TRIR spectra of O were
also collected with 265 nm excitation, but are not shown here because they were

indistinguishable from those obtained after 295 nm excitation. A monoexponential fit of
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the 265 nm pump, 1662 cm™® GSB band also produced identical kinetics within

experimental error, as shown in the published article.”
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Figure 3.4. Chemical structure of d(OA) and its UV absorption spectrum (dashed red trace)

overlaid with the absorption spectra of 8-oxo-7,8-dihydro-2’-deoxyguanosine (O, solid red
trace) and adenosine 3’-monophosphate (AMP, gray trace). Adapted from ref 29.

3.3.2 Dinucleotide Containing 8-Ox0-7,8-Dihydro-2’-deoxyguanosine and Adenine

Figure 3.4 shows the chemical structure of the d(OA) dinucleotide alongside its UV
absorption spectrum in D20 phosphate buffer solution (dashed red trace) overlaid with the
UV absorption spectra of O (sold red trace) and AMP (gray trace). The dinucleotide
spectrum roughly consists of the sum of contributions from its component chromophores.
Due to the red-shifted first absorption band of O compared to its canonical form, almost 40
nm of the d(OA) absorption spectrum corresponds to the absorption of only one of its two
chromophores. This enables selective excitation of O in d(OA) using longer wavelengths.
We used 295 nm pump to excite O only and 265 nm pump to excite both chromophores

for comparison.
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Figure 3.5. TRIR spectra of d(OA) in D20 phosphate buffer solution collected after 265
(a) and 295 nm (b) excitation with the inverted d(OA) FTIR spectrum (dashed black traces).
TRIR spectra of an equimolar mixture of 8-0xo-7,8-dihydro-2’-deoxyguanosine (O) and
adenosine 3’-monophosphate (AMP) in D20 phosphate buffer solution collected after 265
(c) and 295 nm (d) excitation, overlaid with the inverted FTIR spectrum of the mixture
(dashed black traces). Adapted from ref 29.

Figures 3.5(a) and (b) include the inverted FTIR spectrum of d(OA) in neutral DO
phosphate buffer solution. The normal mode calculations provided by Prof. Improta (see
Section 3.3.2) aided in our assignments of the d(OA) ground-state vibrational spectrum.

The band at 1662 cm™ is due to the C6=0 carbonyl stretch of O. The 1626 cm™ band is

due to the in-plane ring vibrational mode of A. Bands at 1601 and 1562 cm™ arise from the
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ring vibrational modes of O localized on the C4=C5 double bond and on the C2 amino
group, respectively. The character and positions of the O vibrational bands are consistent
with those assigned previously.”

TRIR data for d(OA) in the D20 solution measured after 265 and 295 nm excitation
at delay times from 1 — 1000 ps are shown in Figures 3.5(a) and (b). After excitation with
both pump wavelengths, the positive and negative features reach maximum signal by 1 ps
and decay completely by 300 ps to a featureless negative offset extending out to 1 ns. The
negative bands are centered with the ground-state vibrational transitions shown in the
inverted FTIR spectrum of d(OA), indicating that they correspond to GSB. The TRIR
spectra show positive bands at 1602 and 1684 cm™ in both sets of data, but these bands are
more intense in the 265 nm pump spectra. The GSB signal at 1626 cm™, due to the A ring
vibrational mode, is also much stronger in the 265 nm pump TRIR. As shown in the 295
nm pump TRIR (Figure 3.5(b)), the A vibrational band doesn’t reach maximum until about
10 ps.

In contrast with the O monomer TRIR bands (Figure 3.3), the d(OA) TRIR features
recover on a lengthened timescale and exhibit biexponential kinetics. Figure 3.6 displays
single-frequency decays at 1662 cm™ after 295 and 265 nm of d(OA) compared to O. The
dinucleotide TRIR positive and negative signals can be globally linked using the same time
constants, a shorter one of about 4 ps and a longer one of about 60 ps. This is the case for
both 265 and 295 nm pump TRIR spectra. Despite the identical kinetics at both pump

wavelengths, the amplitude of the 60 ps component is lower in the 295 nm pump Kinetics.
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Figure 3.6. Normalized kinetic decay traces of 8-0x0-7,8-dihydro-2’-deoxyguanosine (O,
solid red circles) and d(OA) (solid blue diamonds) from TRIR ground-state bleach bands
at 1662 cm™ after 295 (a) and 265 nm (b) excitation. O and d(OA) kinetics were fit using
monoexponential and biexponential functions with negative offsets (solid traces),
respectively, which produced the time constants indicated. Note the break in linear and
logarithmic scales of the x-axis at 10 ps. Adapted from ref 29.

As shown in Figure 3.6(a), the amplitude of the long-lived decay component is about 40%
decreased compared to that shown in Figure 3.6(b). The lifetimes and signal amplitudes

generated from global fitting are listed in Table 3.1. No additional spectral features are
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present after the 60 ps component fully decays, indicating that the excited state decays
directly to the ground state.
Table 3.1. Global fit parameters for d(OA) TRIR GSB signals at the two pump

wavelengths. Normalized traces were fit with Aie™/™ + Aze™V? after subtracting the long-
lived offset due to D20 heating.

Zpump (NM) A 71 (ps) A; 72 (PS)
2652 0.6+0.1 4+1 04+0.1 60 £ 20
295P 09+04 3+1 0.10 £ 0.05 60 £ 30

aFjt of O GSB signals at 1662 and 1562 cm™, and A GSB at 1623 cm™. °Fit of O GSB signals at
1662 and 1562 cm™. Adapted from ref 29.

To determine if the long-lived lifetime component is only observed in the
dinucleotide, we collected TRIR spectra of solutions containing equimolar amounts of the
individual chromophores, O and AMP. Figures 3.5(c) and (d) display the spectra for this
equimolar mixture after 265 and 295 nm excitation, respectively. The negative features
align well with the inverted FTIR spectrum of the equimolar mixture, and are due to GSB.
Compared to the dinucleotide TRIR spectra (Figures 3.5 (a) and (b)), the relative intensities
of the GSB bands in the equimolar mixture TRIR spectra (Figures 3.5 (c) and (d)) are
noticeably different. With 265 nm excitation, the A band at 1626 cm™ is the most intense
of the three GSB bands present, whereas this band is completely absent in the spectra
collected after 295 nm excitation. This observation is consistent with the greater molar
absorptivity of A than O at 265 nm, and confirms that A does not absorb 295 nm photons.

The TRIR spectra of the equimolar mixture decay on a faster timescale than d(OA).
Single-frequency kinetics and global fits reveal that the equimolar mixture excited states
deactivate on a timescale of 2 — 3 picoseconds.?® No long-lived time component is

observed. The short lifetimes and the presence of “rise-blue-shift-decay” VC signatures in
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the TRIR spectra at 1600 and 1630 cm™ in Figures 3.5(c) and (d), respectively, imply
monomer-like deactivation in the equimolar mixture. Based on these observations, the 60
ps lifetime is unique to the dinucleotide, where the chromophores are covalently connected

by the phosphate backbone.

3.4 Discussion

3.4.1 Nucleoside Photophysics: Ultrafast S; Decay and Vibrational Cooling

The ESA kinetics of O (Figure 3.2) decay monoexponetially with a time constant
of £ = 0.9 £ 0.1 ps, and the transient signal fully recovers to the baseline at AA = 0. The
absence of a second decay feature or a long-lived offset indicates that the excited state
observed in 266 nm pump / 570 nm probe TA does not lead to the population of nt* or
triplet states. The same conclusion is drawn from the 295 nm pump TRIR spectra in Figure
3.3, as the single-frequency Kinetics at 1662 cm™ decay to the long-lived negative offset
that is attributed to absorption of the heated D,O solvent. The kinetics of this band are also
monoexponential and decay on a timescale of about 2 ps. Note that identical spectra and
kinetics were observed after 265 nm excitation of O,” confirming that long-lived dark
states are not populated after either pump wavelength.

From the TA and TRIR measurements, O excited-state deactivation occurs on two
timescales, about 0.9 and 2 ps. It was previously shown that the 570 nm probe wavelength
interrogates the S; excited state in nucleobases.?’ ’® To investigate whether the 0.9 ps
lifetime recorded using 266 nm pump / 570 nm probe TA is due to deactivation of an

emissive singlet excited state, we collected the steady-state emission spectrum of O and
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calculated its fluorescence quantum yield. Figure 3.7 shows the emission spectrum of O

compared to that of GMP, both in ultrapure deionized H2O. The spectra were corrected by

4
—— 0,pH=3.0
—— GMP

—~ 3 -

0

=

>

g

82—

>

2

c

Q

£

£

0 I I I
300 350 400 450 500

Wavelength (nm)

Figure 3.7. Steady-state emission spectra of 8-0xo0-7,8-dihydro-2’-deoxyguanosine (O) at
pH = 3.0 (red trace) and GMP (green trace) in deionized H;O collected after 285 nm
excitation with 5.0 nm bandwidth slit widths and 20.0 s integration. Adapted from ref 78.

subtraction of the solvent background emission everywhere except in the region of the
Raman peak of water at 309 nm. We determined that the deprotonated form of O at pH =
10.5 (pKa = 8.6)"? is about 13 times more fluorescent than the neutral form.”® Although the
protonated species is dominant at neutral pH, even a small fraction of the deprotonated
form present was found to influence emission measurements of the weakly emissive
protonated form. Due to this the emission spectrum of O was collected at pH = 3.0 where

the protonated form is present in about 400,000-fold higher concentration than the

deprotonated form."®
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Table 3.2. Wavelengths of maximum emission (), fluorescence quantum vields (),
and S; excited-state lifetimes (z) of O and GMP.

Mhax (M) ¢ x 10° 71 (ps)
ok 350 2.91 09+0.1
GMPP 342 1.09 0.46 + 0.04°

aMeasured in this work. °From reference 79. °From ref 78.

The relative emission intensities of O and GMP in Figure 3.7 suggest that the
modified base is slightly more emissive. To quantify this observation, the fluorescence
quantum yield (¢#n) of O was calculated using eqn. (3.1)

I, (1- 1070 ) n

I (1- 10‘°Dﬂ)n; G

oh [

where the subscripts A and B refer to the solute and reference standard, respectively, | is
the integrated emission intensity, OD is the optical density at the excitation wavelength,
and n is the refractive index of the solution. In the measurement for O, the refractive index
was assumed to be the same in both dilute solutions and equal to that of water. GMP served
as the reference standard.’”® Our calculations revealed that the fluorescence quantum yield
of O is roughly three times greater than that of GMP (Table 3.2), which is consistent with
values reported previously.?° Theoretical calculations by Lu et al. indicate that the potential
energy surface of O is characterized by a very steep pathway from the initial excitation
region leading to a conical intersection (CI) with the ground state.”® These characteristics
of the S; excited state explain the weak emission from O. Similar observations were made
in calculations of the weakly emitting canonical bases.®* Changenet-Barret et al. explained
that the slightly greater emissions from O compared to GMP could be due to a subtle

plateau on the S surface of the former compound.®°
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These results indicate that the 0.9 ps lifetime of O is due to a bright excited state,
which is most likely a nn* state.”® The S; state of O is slightly more emissive with a
proportionately longer-lived lifetime than that of GMP (Table 3.2).2° Singlet excited states
of the canonical nucleobases deactivate via UIC followed by efficient VC to the thermally
equilibrated ground state (Figure 1.4).2° After deactivation via UIC, the excess electronic
energy is deposited into the vibrational modes of the ground state, and is subsequently
dissipated into the solvent as heat. As the VC occurs on the electronic ground-state
potential, these dynamics can be observed by probing with wavelengths that monitor GSB.
The negative GSB signals in the O TRIR spectra (Figure 3.3) thus provide a measurement
of the VC lifetime, which is about 2 ps in O. The positive band at 1630 cm™ in Figure 3.3
further validates our assignment, as it exhibits the “rise-blue-shift-decay” pattern
characteristic of VC.” It is noteworthy that the 2 ps VC lifetime of O is one of the fastest

observed in purine nucleobases.*®

3.4.2 Dinucleotide Photophysics: Charge Recombination Dynamics

The dinucleotide kinetics shown in Figure 3.6 decay on two timescales (Table 3.1).
The shorter lifetime of about 2 — 3 ps is identical to the lifetime measured for O. The longer-
lived lifetime of about 60 ps was not observed in the kinetics of either the monomer (Figure
3.3) or the equimolar mixture (Figures 3.5(c) and (d)). The difference between the
dinucleotide and equimolar mixture samples is that the nucleobases are covalently linked
in d(OA). Consequently, the bases are held at a defined distance from one another, and are
more likely to be base-stacked than the free bases in solution. Base-stacking was previously

shown to be an essential requirement for the observation of long-lived lifetimes in
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dinucleotides and longer DNA single strands.?® *° Nucleobases that are r-n stacked often
give rise to exciton-coupled CD (ECCD) signals, which can be diagnostic of base
stacking.*® The temperature-dependent CD spectra of d(OA) indeed have ECCD signals,

verifying that a fraction of the bases in d(OA) are stacked (see Sl of ref 29).
Based on our proposed model, base-stacked regions in UV-excited single-stranded
DNAs decay to exciplex, or CT states, formed by ET from one base to another. Based on
standard reduction potentials, O is a better electron donor than A (E° = 1.17 and —2.45V
vs. SHE, respectively).?® Thus, it is more likely that photoinduced ET occurs from O to
base-stacked A. This would generate an O radical cation and an A radical anion.
Photoinduced ET in d(OA) is further supported by the Gibbs energy (AG°et) for ET. We
estimated the thermodynamic driving forces for forward (FET) and back ET (BET) using

the Rehm-Weller equation® given by

AG®°fer = e[E°(D"*/D) — E°(AJA™)] — Ephoton (3.2)
AG°get = e[E°(A/A™) — E°(D™/D)] (3.3)
where e is the elementary charge, E° is the standard reduction potential for the donor (D)
and acceptor (A) couples shown, and Epnoton i the photon energy of the pump wavelength.
With O as the donor and A as the acceptor, this calculation predicts favorable FET with
both 265 (4.68 eV) and 295 nm (4.20 eV) excitation.?® These considerations led us to obtain
TD-DFT calculations for the vibrational transitions of the O radical cation, A radical anion,

and the lowest couple electronic excited-states in d(OA).
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Figure 3.8. Calculated vibrational spectra obtained using PCM/PBEO0/6-31+G(d,p) and the
harmonic approximation for the monomer species illustrated by inset chemical structures.
The frequency is scaled by a factor of 0.972. Note that the calculations were performed on
the structures shown (R = 2’-deoxyribose) including 5 explicit DoO molecules not shown.
Adapted from ref 29.

Time-dependent calculations located an excited state with well-defined CT
character in d(OA) that lies close in energy with the optically accessed excited states of O

and A.2° Optimization of this state led to a minimum with strong CT character and a small

interbase separation. The calculated vibrational transitions of the O radical cation and A
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radical anion are compared with the calculated ground-state vibrational transitions of O

and A in Figure 3.8. The theoretical difference spectrum, obtained by subtracting the sum
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Figure 3.9. Theoretically calculated difference spectrum obtained by subtracting the sum
of the calculated radical ion spectra from the sum of the calculated ground-state spectra.
The lower panel shows the calculated difference spectrum compared to the experimental
difference spectra after 295 (red trace) and 265 nm (blue trace) excitation. Adapted from
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of the radical ion spectra from the sum of the ground-state spectra (Figure 3.9(a)), is
overlaid with the 265 and 295 nm experimental difference spectra of d(OA) at 60 ps in
Figure 3.9(b). The excellent agreement between the calculated and experimental spectra
indicates that the ESA signals observed in the d(OA) TRIR spectra are due to absorption
by the radical ion species generated upon photoinduced ET from O to A.

The radical ion absorption signals reach maximum at the earliest delay times in
Figure 3.5, suggesting that forward ET occurs on a timescale <1 ps and that the 60 ps decay
lifetime corresponds to back ET. Based on the our estimates for the thermodynamic driving
forces for forward and back ET, the latter is the more exergonic process, with AG°ggT = —
3.62 eV compared to AG°rer = —1.06 and —0.58 eV at 265 and 295 nm, respectively.?
These Gibbs energies predict that back ET should be the faster process. However, the Gibbs
energy for forward ET is nearly equal to the reorganization energy,?® and would be a
barrierless, and thus ultrafast, process.?® We propose that forward ET occurs in d(OA) on
a timescale faster than the time resolution of our instrument (<0.5 ps) because we do not
observe the corresponding ultrafast lifetime component. The more exergonic BET process
exhibits the longer lifetime (slower rate) because it is predicted to occur in the Marcus

inverted region, where the rates for CT processes decrease as the exergonicity increases.®

3.4.3 Connections to Long-Lived Transient Signals in Natural DNA

Within higher-order DNA structures, noncovalent interactions alter the electrostatic
and steric environments of the monomer bases when they are linked together.
Experimentally isolating the individual effects these noncovalent interactions have on

DNA excited-state dynamics in solution is complicated by several factors.?? In addition to
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ambiguous interpretations of the data, there are unavoidable physical limitations. Base-
stacking dynamics remain unclear due to the structural heterogeneity of single strands and
uncertainty in the number of stacked bases in each strand.?® 8 Single base pairs do not
form in aqueous solution without the bases stacking. Thus, determining the influence solely
due to hydrogen bonding on DNA excited-state deactivation is difficult, if not impossible,
to determine in water. Despite these challenges, extensive experimental and theoretical
work over the last 5 years has led to a more detailed understanding of the nature of long-

lived excited states accessed in DNA strands.

3.4.3.1 Photoinduced Charge Transfer in Single DNA Strands. The excited-state

dynamics of d(OA) provide strong evidence that the long-lived 60 ps transient signal
observed is due to decay from a CT state composed of an O radical cation and an A radical
anion. Figure 3.6 and Table 3.1 show that the amplitude of the 60 ps component is 4-times
greater after 265 nm excitation. Because the excited-state population fully returns to the
ground state, the amplitudes of this decay component represent rough approximations of
the excited-state population of the CT state after each pump wavelength. The greater
amplitude of the 60 ps component after 265 nm excitation indicates that the quantum yield
for CT state population is higher at the shorter excitation wavelength.

The natural bases absorb more strongly near 265 nm, exhibit similar excited-state
kinetics in long-lived transient signals, and are thermodynamically capable of undergoing
photoinduced ET.2% 54 Given these considerations, and the results presented in this chapter,
photoinduced population of CT states may occur with relatively high efficiency in natural

DNA base stacks, in addition to the oxidatively damaged DNA presented here. Other
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groups have spectroscopically identified species generated from photoinduced ET in DNA
and also attribute the long-lived transient signals to CT states.3?* Doorley et al. observed
vibrational signatures of A radical cation and T radical anion generated by photoinduced
ET from A to T in a dinucleotide containing the two bases.*? Another group identified CT
states in single DNA strands by observing characteristic absorption bands of radical cations
and anions.>

These studies have initiated a growing agreement among researchers that the long-
lived TA signals in DNA are due to CT states, but there is still uncertainty regarding the
spatial extent of the CT state.?® 33 For instance, Buchvarov et al. attributed their observation
of length-dependent ESA signals in single- and double-stranded DNA to exciton
delocalization.?” Other groups, including ours, do not observe any evidence to suggest
charge delocalization in DNA strands.®* 6 88 |dentical long-lived TA signals were
observed in a series of A-containing oligonucleotide strands ranging in length from 2 — 18
bases, indicating that the same excited state is accessed between a minimum of two stacked
bases.?® Theoretical calculations revealed a minimum CT state geometry consisting of only
two stacked bases in 9-methyladenine trimers.®’

The base-stacked architecture of DNA strands enables deactivation via the
formation of CT states, and this same structural feature may inhibit charge delocalization.
Long-lived excited states that result from intrastrand ET are only observed when bases in
single-stranded DNA are m-stacked. ET rates decrease exponentially with distance so it is
only when the bases are in van der Waals contact (3.4 A) that this channel can compete

with the non-radiative decay channels in single bases (Figure 1.4). Disrupting base-



63
stacking by means of repulsion?® or by adding a denaturant*® completely eliminates the ET
decay channel, demonstrating its short-range character. Consequently, the charge-
separated state consists of closely-spaced oppositely charged nucleobase ions. The
Coulombic binding energy of the opposite charges is generally much greater than thermal
energy, making separation of the nascent charges very unlikely. The opposite charges
would need about 20-times thermal energy at room temperature to overcome the
Coulombic attraction and dissociate from one another. In addition, the long-lived lifetimes
attributed to CT states in single and double strands fully decay to the ground state.?5-26: 88
The absence of additional decay signals indicates that the vast majority of CT states
deactivate via back ET. If delocalization does occur, the percentage of charges that separate
from one another is so small we do not detect this channel within our instrumental

resolution.

3.4.3.2 Proton Transfer and Proton-Coupled Electron Transfer in Duplexes.

Presently, the nature of excited states in double strands remains unclear. There is evidence
indicating that the base-pairing interaction can have a profound influence on the excited-
state dynamics. Theoretical studies have identified proton-transfer coordinates in the
deactivation of single base pairs,8-%° and lifetime measurements of single base pairs in the
gas phase and chloroform solution suggest that interbase proton transfer aids in UIC %1%
Despite this evidence, a precise understanding of the relative influences of base-stacking
and base-pairing on duplex DNA excited-state deactivation in solution is lacking, which
has led to different interpretations.

One viewpoint holds that the deactivation rates are more dependent on the base-
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pairing interaction.®’ Conversely, deactivation via the base-stacking interaction could be
rate-limiting in DNA excited-state deactivation.?> Our group presented femtosecond TA
measurements of DNA showing that the same long-lived transient signals were present in
both single and double strands, leading us to propose that base-stacking predominantly
drives DNA excited-state deactivation.?

Recently, we revisited the defined-sequence DNA duplexes investigated in ref 25
using TRIR spectroscopy, which provides data that can be easier to interpret (see Chapter
2). Duplex isomers containing the same number of A and T base pairs but with alternating
or non-alternating A-T base stacking patterns showed strikingly different TRIR spectra and
corresponding kinetics.®® In light of the new TRIR results and our previous findings in
d(OA), we obtained calculations for the different possible transient species that could be
formed via intrastrand ET, interstrand ET or proton-coupled ET (PCET), as determined by
our estimated thermodynamic driving forces for the various forms of ET. Agreement
between the calculated and experimental vibrational marker bands confirmed that
intrastrand ET and PCET are responsible for excited-state deactivation of the alternating
and non-alternating A-T duplexes, respectively.*

Our conclusions were validated by conducting TRIR spectroscopic studies on
several other DNA double strands, including G-C-containing DNA duplexes with different
base-pairing interactions (Hoogsteen vs. Watson-Crick (W-C) base pairing) and duplexes
with different base-stacking interactions (B- vs. Z-form base stacking).35-3¢ 38 Our
investigation of these duplexes revealed that, although the deactivation mechanisms are

different in Hoogsteen vs. W-C and B- vs. Z-form duplexes, the lifetimes are the same in
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each set.®® This observation explains why an earlier TA spectroscopic study of the same
duplexes showed no difference in deactivation lifetimes between the compared forms,®
and indicates that intrastrand ET is the rate-determining step in the deactivation mechanism

in these G-C-based duplexes.*

3.5 Conclusion

The excited-state dynamics of O, as a monomer nucleoside and in a dinucleotide
with A, were studied using ultrafast spectroscopic techniques. To investigate to possibility
of photoinduced ET, the dynamics were monitored using TRIR spectroscopy after selective
excitation of O. Our results reveal the photoinduced generation of an O radical cation and
an A radical anion in d(OA). This CT state decays via back ET on a timescale of about 60
ps. The rates of forward and back ET are consistent with those predicted by nonadiabatic
Marcus theory. Our observation of vibrational marker bands for radical ion species
generated by photoinduced ET has validated that O can undergo excited-state ET and has
helped to resolve a decades-long debate over the nature of long-lived excited states in

DNA.
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CHAPTER FOUR

PHOTOINDUCED ELECTRON TRANSFER IN OXIDATIVELY DAMAGED

PYRIMIDINES

4.1 Introduction

Oxidative stress is one of the primary detriments to maintaining genetic integrity in
biological systems. In oxidizing environments, the electron-rich nucleobases that comprise
RNA and DNA undergo one-electron oxidation reactions to form stable degradation
products.® Oxidatively damaged products can be formed either endogenously by reactions
with hydroxyl radicals generated through aerobic metabolism,®® or exogenously by
ionizing radiation. 5-hydroxy-2’-deoxycytidine (5-HC) and 5-hydroxy-2’-deoxyuridine (5-
HU), oxidative products of C and U, have been detected in significant quantities in
oxidatively damaged DNA.%% 5-HC and 5-HU are highly mutagenic because they can
base pair with more than one partner.®%! In addition, 5-HC and 5-HU have lower
reduction potentials than their canonical counterparts (0.78 and 0.80 V compared to 1.6
and 1.7 V vs, NHE, respectively),®® % making them more redox active and thus more
susceptible to undergoing further reactions, including those that may lead to strand
scission.

Lower levels of ozone in the Archean atmosphere resulted in higher levels of solar
UV radiation reaching the Earth’s surface than present-day.’%? The excess UV radiation
may have produced an environment rich with hydrogen peroxide, which under further high-

energy UV irradiation would have continually degraded into hydroxyl radicals via
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photolysis.'® Consequently, oxidatively damaged nucleobases may have accumulated at
higher concentrations than their canonical forms on the prebiotic Earth.* 3! Their enhanced
redox activity may have enabled oxidatively damaged nucleobases to participate in
catalytic functions during prebiotic chemical evolution.?®-3!

A remaining question in origin of life theories stems from the RNA world
hypothesis, which proposes that RNA genetic material preceded modern DNA.'% Based
on the known catalytic functions of modern RNA,% primitive RNA oligonucleotides could
have driven the earliest replication and catalytic functions prior to the advent of protein
synthesis.'%1%" However, it remains unclear how UV-vulnerable RNA strands were
repaired after being oxidized and photodamaged without the use of intricate repair
enzymes. For instance, the flavin in the flavin adenine dinucleotide (FAD) redox cofactor
in modern-day photolyase is synthesized through a series of complex mechanistic steps
that were presumably not available to prebiotic chemistry.3! 8-Oxo-7,8-dihydro-2’-
deoxyguanosine (O), an oxidatively damaged product of guanine, has been proposed to be
a prebiotic flavin mimic as it can repair cyclobutane pyrimidine dimers by donating an
electron to the photoproducts upon absorption of UV radiation.®%-3! We demonstrated that
O can indeed donate an electron to its w-stacked neighbor after UV excitation (Chapter 3),
confirming its photoinduced electron-donating ability.2® 82

The reduction potentials of 5-HC and 5-HU are remarkably similar in magnitude
with that of O (0.74 V vs. NHE).®® Their ability to facilitate ET has previously been inferred
by their catalysis of the coupled oxidoreductive reaction of NADH with KsFe(CN)g,%"-%

but their excited-state properties in aqueous solution have yet to be evaluated. Presented in
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this chapter is an ultrafast spectroscopic investigation of the aqueous excited-state
dynamics of 5-HC and 5-HU as monomer nucleosides and as dinucleotides with A, d(5-
HCA) and d(5-HUA) (structures in Figure 4.1). We characterized the photophysics of the
monomer nucleosides using steady-state absorption and fluorescence, then UV pump /
visible probe TA and UV pump / broadband mid-IR probe TRIR spectroscopies. The
excited-state lifetimes and fluorescence quantum vyields of 5-HC and 5-HU in aqueous
solution are reported for the first time. After selective excitation of the C5-hydroxylated
pyrimidines within the dinucleotides, we observed photoinduced ET from the 5-
hydroxypyrimidine electron donors to the A electron acceptors using TRIR. The observed

rates reflect the asymmetry typical of ET kinetics in the Marcus inverted region.?® &

4.2 Experimental

5-HC and 5-HU (> 95%) were purchased from Berry and Associates, Inc. The
dinucleotides d(5-HCA) and d(5-HUA) were synthesized and characterized by Dr. Xi-Bo
Li from the Cynthia J. Burrows research group at The University of Utah in Salt Lake City
according to the full synthesis and characterization procedure described previously.?® The
5-HC / AMP and 5-HU / AMP samples were prepared by mixing equimolar amounts of 5-
HC and 5-HU with AMP to match the amount of each nucleoside in d(5-HCA) and d(5-
HUA), which were donated in amounts of 14 umol and 24 umol, respectively. All samples
were dissolved as received in 2 mL D,O phosphate buffer solutions in concentrations
pertaining to the different spectroscopic measurements, as described in Chapter 2. As 5-

HC and 5-HU have pKa values near neutral pH,% all experiments were conducted in pD 6
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buffered solutions to ensure the solutes were in their uncharged, deuterated forms.
Solutions were adjusted to pD = 6, as described in Chapter 2.

UV absorption and FTIR spectra were recorded before and after laser irradiation.
Steady-state emission spectra were measured using solutions of 5-HC and 5-HU in pH =6
deionized H.O without buffer or salt (see Chapter 2). The optical densities of the solutions
were kept at 0.2 at the excitation wavelength (285 nm) to avoid reabsorption of emitted
photons. Emission intensity was collected every 2.5 nm after 20.0 s integration with 3.0
nm bandpass slit widths. Temperature-dependent CD spectra were collected using 1 mM
solutions in a 1 mm path length quartz capped cuvette.

TA and TRIR instrumentation are thoroughly discussed in Chapter 2 of this thesis.
Specifically, the 266 nm pump beam used in UV pump / visible probe TA experiments was
produced by third harmonic generation of the 800 nm laser fundamental. The pump energy
at the sample was attenuated to 0.9 pJ with a spot size of 250 pm (fwhm). An OPA was
used to generate the probe beam at 570 nm. An OPA was used to generate the 265 nm and
295 nm pump pulses used in the TRIR experiments. The pump pulse energy was attenuated
to 3.0 pJ with a spot size of 640 pm (fwhm) for 265 nm and to 1.5 pJ with a spot size of
310 um (fwhm) for 295 nm. About 8-10 mW of mid-IR probe pulses centered at either
1626 or 1470 cm™ with approximately 200 cm™ bandwidth were produced using the

TOPAS amplifier described in Chapter 2.
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Figure 4.1. Chemical structures of 5-hydroxy-2’-deoxycytidine (5-HC), 5-hydroxy-2’-
deoxyuridine (5-HU) with R = 2’-deoxyribose and dinucleotides with adenine, d(5-HCA)
and d(5-HUA) are shown on the left. All labile protons have been substituted with
deuterons. UV absorption spectra of d(5-HCA) (a) and d(5-HUA) (b) dinucleotides. The
UV absorption spectra of their monomer constituents, including adenosine 3’-
monophosphate (AMP), are also shown in solid lines.

4.3 Results

Both 5-hydroxypyrimidines have pKa values near neutral pH (pKa = 7.4 for 5-HC
and 7.7 for 5-HU).1% Our experiments were carried out at pD = 6.0, where the C5 hydroxyl

group is predominantly protonated in both 5-hydroxypyrimidines (96% and 98% for 5-HC
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and 5-HU, respectively). It is important to note that 5-HC has a lower pK, at 3.8.1% Caution
was taken to ensure that the pD value was not too low to protonate the N3 position. In the
dinucleotides, only the 5-hydroxypyrimidines are protonated at pD = 6 as protonation of
adenine at the N1 position also occurs at lower pH (pKa = 3.5).1%°

In DMSO, amino 5-HC and diketo 5-HU are the dominant tautomeric forms.*° It
is reasonable to assume that these are also the dominant forms of 5-HC and 5-HU in low
pH aqueous solutions, in which the C5 hydroxyls are fully protonated. Hydroxyl group
substitutions are electron-withdrawing, and electron-donating when deprotonated. At high
pH, the deprotonated C5 hydroxyl renders the N3 of 5-HC more basic than the N4, and
when the latter donates an electron to the former the imino tautomer becomes dominant.*
Thus, in the case of 5-HC, the amino tautomeric form is likely dominant due to the
protonated C5-hydroxyl. Furthermore, theoretical calculations have predicted that C5
substitutions, including C5 hydroxyl substitutions, do not appreciably alter the dominant
tautomeric forms of aqueous cytosine and uracil, which are the amino and diketo forms,
respectively.12113

Panels (a) and (b) in Figure 4.1 show the UV absorption spectra of the 5-
hydroxypyrimidine monomers and dinucleotides in pD = 6 DO phosphate buffer solutions
superimposed with the absorption spectrum of AMP in D.O phosphate buffer solution. The
first absorption bands of 5-HC in Figure 4.1(a) and of 5-HU in Figure 4.1(b) have maxima
(/I'ffjx) at 289 and 280 nm, respectively, as listed in Table 4.1. Our measured spectra are
consistent with the pH-dependent absorption spectra observed previously for 5-HC and 5-

HU in aqueous solution. % 1 The dinucleotide spectra (dashed lines in Figures 4.1(a) and



75
(b)) are approximately the sum of the absorption spectra of the monomeric 5-
hydroxypyrimidine and AMP. Only the 5-hydroxypyrimidines absorb when the

dinucleotides are excited at 295 nm, whereas 265 nm excites predominantly the adenine

chromophore.
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Figure 4.2. Normalized 266 nm pump / 570 nm probe TA kinetics of 5-HC (blue circles)
and 5-HU (green triangles) in pD = 6 D.O phosphate buffer solution (a). Monoexponential
kinetic fits are shown as the solid lines. Steady-state fluorescence spectra of 5-HC (blue
trace) and 5-HU (green trace) in pH = 6 deionized H20 (b).

4.3.1 5-Hydroxycytidine and 5-Hydroxyuridine Monomers

4.3.1.1 UV Pump / Visible Probe TA and Steady-State Emission. Figure 4.2(a)
displays the ESA kinetics of the monomer 5-hydroxypyrimidines monitored at 570 nm
after 266 nm excitation. This probe wavelength interrogates the S; excited-state lifetimes
of nucleobases?* without complication from vibrational cooling (VC), which is often
observed when monitoring GSB and hot ground-state absorption. The latter is red-shifted
with respect to the absorption by the thermally equilibrated ground state (UV absorption

spectrum). Solvated electron signal generated from two-photon ionization of the D20
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solvent was determined by a sequential experiment and was subtracted from the transient
absorption signals shown in Figure 4.2(a) using the subtraction procedure described in
Chapter 2. The kinetics for both 5-HC (open blue circles) and 5-HU (open green triangles)
decay monoexponentially to weak positive offsets. Monoexponential fits (solid lines in
Figure 4.2(a)) yield time constants of z = 103 £ 6 ps for 5-HC and z = 3.9 + 0.3 ps for 5-
HU, with respective offsets consisting of 9% and 4% of the total signal amplitudes.

Figure 4.2(b) shows corrected steady-state emission spectra for 5-HC and 5-HU in
deionized H>0O at pH = 6 (see Experimental). 5-HC is significantly more emissive than 5-
HU. Using GMP as a reference standard,” fluorescence quantum yields were calculated
using egn. (3.1) and the comparative method after excitation of 5-HC, 5-HU and GMP at

285 nm.” 114 Listed in Table 4.1, the measured fluorescence quantum yields (¢n) are 70 x

10 and 4.6 x 10" and the maximum emission wavelengths (/1.,) are 378 and 365 nm for
5-HC and 5-HU, respectively. The Stokes shifts (Av), defined as the absorption maximum
minus the emission maximum in wavenumbers, are 8147 cm™ for 5-HC and 8317 cm for
5-HU.

Table 4.1. Maximum wavelengths of the first absorption (abs) and fluorescence (fl) bands,

Stokes shifts (AV), fluorescence quantum yields (¢,) and ESA lifetimes (z) of 5-HC and 5-
HU compared to C and U.

A Am) e (m) AP (em?) gy x 107w (ps)

5-HC 289 378 8147 70 103+ 6
ce 272° 328° 6277 1.0° 0.720¢

5-HU 280 365 8317 4.6 3.9+0.3
ue 262" 317° 6622 0.3¢ 0.210¢

aExperimental values from this work unless otherwise indicated. "Stokes shifts calculated as the
difference of absorption and fluorescence maxima in wavenumbers. °From ref 79. “From ref 118.
*Experimental values for C and U in nucleoside form.
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Figure 4.3. TRIR spectra of 10 mM 5-HC (a,b) and 5-HU (c, d) in pD = 6 DO phosphate
buffer solution after 295 (a,c) and 265 nm (b,d) excitation. The baseline is indicated by the
dotted horizontal lines at AA = 0. Ground-state IR absorption of 5-HC and 5-HU are shown
in the inverted FTIR spectra (dashed traces).

4.3.1.2 UV Pump / Mid-IR Probe TRIR. Broadband TRIR spectra at various delay

times of the 5-hydroxyprimidine monomers in pD = 6 DO phosphate buffer solution are
displayed in Figure 4.3. 5-HC and 5-HU spectra were collected after 295 and 265 nm
excitation with broadband mid-IR probing in the ring in-plane vibration and carbonyl
stretching regions of the vibrational spectrum. Note that the spectra for 5-HC (Figures

4.3(a) and (b)) are a composite of two spectral regions centered at 1626 and 1470 cm™,
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whereas the spectra for 5-HU (Figures 4.3(c) and (d)) were collected in one region centered
at 1626 cm™. All spectra are shown from 1 ps delay time (first purple trace), when the
positive and negative signals are at maximum amplitude, to 1 ns (last red trace), when all
signals recover to a featureless negative offset arising from D20 heating.*® 1*> The dotted

horizontal lines at the AA = 0 are included to indicate the ground-state baseline.
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Figure 4.4. Normalized kinetic decay traces of 5-HC (closed blue circles) and 5-HU (closed
green triangles) from TRIR GSB bands at 1526 and 1637 cm?, respectively, after 295 (a)
and 265 nm (b) excitation. All kinetics were fit to monoexponential functions with negative
offsets (solid traces) producing the time constants indicated.
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At both pump wavelengths, the two sets of spectra for 5-HC are essentially
identical. The spectra contain positive features due to ESA and three distinct negative
bands. Figures 4.3(a,b) show the inverted FTIR spectrum of 5-HC at pD = 6 overlaid with
the TRIR spectra. The negative TRIR signals at 1525, 1603 and 1669 cm™ match those
observed in the FTIR spectrum and thus represent GSB signals. Note that deprotonated 5-
HC exhibits a distinguishing vibrational band at 1652 cm™, which is attributed to the C2
carbonyl of the imino tautomeric form that is dominant at high pH.*'! The absence of this
band in the 5-HC FTIR spectrum shown in Figure 4.3(a) is further validation that the amino
form of 5-HC is dominant at pD = 6.

ESA is minimal in the spectral probing region shown for 5-HU, although the
positive band at 1720 cm™ has a greater amplitude after 295 nm excitation. The inverted
FTIR spectrum of 5-HU at pD = 6 shown in Figures 4.3(c,d) exhibits a strong vibrational
band at 1639 cm™ with two shoulders on the higher frequency edge. Again, the negative
features in the TRIR appear at the same frequencies as the ground-state IR transitions and
are due to GSB.

Single wavelength kinetics taken from the strongest GSB signals for 5-HC at 1526
cm* (closed blue circles) and for 5-HU at 1637 cm™ (closed green triangles) at both pump
wavelengths are normalized in Figure 4.4. The 5-HC traces were fit with monoexponential
functions producing time constants of = 107 £ 7 ps (295 nm pump) and z = 100 + 6 ps
(265 nm pump) with weak negative offsets. The Kkinetics of 5-HU also decay
monoexponentially to negative offsets, and were fit using time components of z=5.5+0.3

ps (295 nm pump) and 7 = 5.1 + 0.4 ps (265 nm pump). These lifetimes are consistent with
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those obtained for 5-HC and 5-HU from the 266 nm pump / 570 nm probe TA Kinetics
(Figure 4.2(a)) and from global fits of the broadband spectra. The ESA bands in the TRIR
spectra of 5-HC and 5-HU at both pump wavelengths decay in step with the GSB bands.

Global fitting produced lifetimes of z = 104 + 2 ps for 5-HC and 7 = 4.9 + 0.1 ps for 5-HU.

4.3.2 Dinucleotides Containing Adenine

4.3.2.1 Temperature-Dependent CD and UV Absorption Spectra. Figures 4.5 and

4.6 display the results of temperature-dependent CD and UV absorption spectra
measurements of d(5-HCA) and d(5-HUA) in pD = 6 D»O phosphate buffer solution. The
spectra were collected from 10 — 80°C at 10°C intervals.

The CD spectra of d(5-HCA) shown in Figure 4.5(a) are positive from 320 — 250
nm and do not vary greatly with temperature, although the signal amplitudes at 280 and
260 nm decrease and the negative signal amplitude at 270 nm increases slightly at higher
temperatures. After a small dip below zero around 245 nm, the spectra exhibit a positive
Cotton effect centered at 220 nm, followed by a negative Cotton effect at 208 nm about
three times greater in amplitude than the former band. The amplitudes of this positive
exciton-coupled CD (ECCD) couplet decrease (i.e., trend toward zero) as the temperature
increases. Figure 4.5(b) illustrates how the amplitudes of the positive couplet at the
maximum signals change with temperature. The UV absorption of d(5-HCA) increases
slightly with temperature, as shown in Figures 4.5(c) and (d).

Temperature-dependent CD and UV absorption spectra for d(5-HUA) in pD = 6

D20 phosphate buffer solution are shown in Figure 4.6. From 320 — 280 nm positive CD
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signals (Figure 4.6(a)) peak at 280 nm and the amplitudes decrease slightly with
temperature. A negative Cotton effect is observed at 255 nm followed by a bimodal positive
Cotton effect between 240 — 210 nm. The signals of this negative couplet decrease with
increasing temperature, as shown in Figure 4.6(b). Figures 4.6(c) and (d) show that the UV
absorption spectra of d(5-HUA) do not appear to change as much with temperature as

compared to the temperature-dependent UV absorption of d(5-HCA).
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Figure 4.5. Temperature-dependent CD spectra (a), CD peak signals vs. temperature (b),
UV absorption spectra (c) and UV peak signals vs. temperature (d) of d(5-HCA) inpD =6
D20 phosphate buffer solution collected from 10°C to 80°C at 10°C increments.
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Figure 4.6. Temperature-dependent CD spectra (a), CD peak signals vs. temperature (b),
UV absorption spectra (c) and UV peak signals vs. temperature (d) of d(5-HUA) in pD =
6 D20 phosphate buffer solution collected from 10°C to 80°C at 10°C increments.

4.3.2.2 UV pump / Mid-IR Probe TRIR. The TRIR spectra of d(5-HCA) (a,b) and

d(5-HUA) (c,d) collected after 295 (a,c) and 265 nm (b,d) excitation are displayed in Figure
4.7. As in the monomer TRIR spectra, all signals were collected from 1 ps (first purple
trace) to 1 ns (last red trace) and recover to a featureless negative offset due to DO heating.
The positive TRIR signals arise from ESA and the ground state absorption bands in the
overlaid inverted FTIR show the negative TRIR signals that are due to GSB. Note that the

FTIR spectra are cut off at 1500 cm™ in the d(5-HCA\) spectra and at 1610 cm™ in the d(5-
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HUA) spectra due to overlapping impurity absorption bands. During the synthesis of these

compounds, the Burrows research group used ammonium acetate in one of the final drying
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Figure 4.7. TRIR spectra of d(5-HCA) (a,b) and d(5-HUA) (c,d) after 295 (a,c) and 265
nm (b,d) excitation collected from 1 ps (first purple trace) to 1 ns (last red trace). Dotted

horizontal lines at AA = 0 indicate the ground-state baseline. The inverted FTIR spectra are
shown as the black dashed traces.

steps, which exhibits vibrational bands at 1420 and 1560 cm™. Although the compounds
were sent back to have this impurity removed, the purified dinucleotide samples still

contained trace amounts of the impurity upon return, as their vibrational signatures showed.
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The FTIR spectra of d(5-HCA\) in Figures 4.7(a) and (b) show the impurity band at 1560
cm’. Regardless, the ammonium acetate does not absorb at either pump wavelength and is
not expected to contribute to the dinucleotide excited-state dynamics.

The d(5-HCA) 295 nm pump TRIR spectra (Figure 4.7(a)) have ESA features at
1420, 1570 and 1710 cm™. The band at 1580 cm™ has an additional shoulder on its higher
frequency edge centered at 1557 cm™. GSB bands appearing at 1525, 1603 and 1669 cm™
are also present in the monomer TRIR and FTIR spectra and thus correspond to the 5-HC
chromophore. The GSB band at 1626 cm™ is due to the in-plane stretching mode of A.

The TRIR spectra of d(5-HUA) after 295 nm excitation (Figure 4.7(c)) exhibit an
ESA band at 1565 cm™ and GSB bands where the 5-HU ground state absorbs at 1639 cm-
L and its two lower-frequency shoulders. An additional negative feature appears at 1629
cm™. Although this band is difficult to discern because it overlaps closely with the 1639
cm* vibrational band of 5-HU, it is possibly due to the same A vibrational band at 1626
cm® observed in d(5-HCA). The 3 cm™ shift may be due to the pulling down effect of the
strong 1639 cm™ 5-HU vibrational band.

In contrast with the 5-hydroxypyrimidine monomers, the TRIR spectra of the
dinucleotides are noticeably different after 265 vs. 295 nm excitation. With 265 nm
excitation, the intensity of the A GSB signals increase and short-lived, shifting ESA signals
appear. These differences can be attributed to the greater absorption of A than the 5-
hydroxypyrimidines with 265 nm excitation. As shown in the UV absorption spectra in
Figure 4.1(a) and (b), the extinction coefficient of A at 265 nm is more than twice as large

as that of 5-HC and 5-HU in both dinucleotides.
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In d(5-HCA) (Figure 4.7(b)), the A bleach band at 1626 cm™ is significantly
stronger and the weaker vibrational band of A at 1500 cm™ becomes more defined after
265 nm excitation.?® Similarly, in the d(5-HUA) spectra (Figure 4.7(d)) the A bleach band
is stronger than the 5-HU in-plane ring stretching mode. Consequently, the spectra
collectively red-shift toward and reach maximum negative amplitude at the A 1626 cm™
band. This is in stark contrast to the maximum negative amplitude of the TRIR spectra
peaking at the 5-HU ring stretching mode near 1640 cm™ after 295 nm excitation and
suggests that the weak GSB signal at 1629 cm™ is indeed an A bleach band (Figure 4.7(c)).
Differences in decay timescales are also evident, as the A GSB bands recover to ground-
state much more quickly than the bands associated with the 5-hydroxypyrimidines. Single-
frequency kinetic fitting of the A 1626 cm™ GSB band produced a fast time component of
about 4 ps in both dinucleotides, which is consistent with the ultrafast decay of A measured
previously.2® In both sets of 265 nm pump TRIR spectra, the ESA features that shift and
decay faster than ESA signals in Figure 4.7(a,c) are due to VC dynamics of A.3? 116 When
monitoring ultrafast internal conversion dynamics using TRIR, the excess electronic
energy deposited into the excited vibrational modes of the ground state is observed as hot
ground-state absorption, which manifests in the characteristic “rise-blue-shift-decay”
patterns shown in the 265 nm pump TRIR (Figure 4.7 (b,d)).”

Figure 4.8 shows the kinetic traces of d(5-HCA) and d(5-HUA) normalized with
the kinetic traces of 5-HC and 5-HU, respectively, taken from the maximum of the most
prominent GSB TRIR features. At 1526 cm™, the d(5-HCA) kinetic trace was fit with a

monoexponential function and a negative offset of 10% signal amplitude. The dinucleotide
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Figure 4.8. Kinetic traces of d(5-HCA) (a) and d(5-HUA) (b) from the TRIR GSB signals
at 1526 and 1637 cm™, respectively, normalized with the kinetics from the monomer TRIR
signals. Exponential fits (solid traces) produced the indicated time components.

kinetics decay with a lifetime of = 142 = 7 ps, which is slightly longer than the lifetime
of the 5-HC monomer. The normalized kinetics in Figure 4.8(a) illustrate the slightly longer
lifetime of the dinucleotide. Using a biexponential function to fit the dinucleotide kinetics

did not significantly improve the fit. Global fitting produced a lifetime of z = 142 + 7 ps.

In Figure 4.8(b), the d(5-HUA) kinetics trace from the 1637 cm™ GSB band decays
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biexponentially and was also fit using a negative offset (4% amplitude). The biexponential
fit produced a fast time component of 7 =5.6 + 0.4 ps with about 80% signal amplitude and
a longer time component of = 34 £ 9 ps. The first lifetime is the same as the 5-HU
monomer lifetime, and the normalized kinetic traces in Figure 4.8(b) show the longer-lived
lifetime in comparison with the faster decay of the monomer. Consistent lifetimes (z = 5.1

+ 0.1 ps and =28 £ 1 ps) were obtained from global fitting.

4.4 Discussion

4.4.1 Monomer Photophysics

Table 4.1 lists experimental data of 5-HU and 5-HC at pD = 6 compared with
corresponding C and U in nucleoside form. The UV absorption spectra of 5-HC in Figure
4.1(a) and of 5-HU in Figure 4.1(b) show that the first absorption band is significantly red-
shifted compared to the canonical bases. C and U have absorption maxima at 272 and 262
nm, 118 \whereas 5-HC and 5-HU have absorption maxima at 289 and 280 nm,
respectively (Table 4.1). Red-shifted ground-state absorption upon substitution at the C5
position is commonplace for pyrimidines and their derivatives. The lowest-energy
absorption band of 5-methylcytosine, for instance, peaks at approximately 280 nm.*3 5-
Fluorocytosine (5-FC) and 5-fluorouracil (5-FU) also have red-shifted lowest-energy
absorption bands.1%-12

Also listed in Table 4.1 are the Stokes shifts for 5-HC and 5-HU, which are nearly
2000 cm™ greater than those of C and U. Similar changes in the Stokes shift upon

modification were observed in 5-FC and 5-FU and the effect was attributed to differences
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in their excited-state geometries compared to C and U.1%1?0 Pyrimidine C5 modification
can also result in lengthened fluorescence lifetimes, consistent with the greater Stokes
shifts.119-120 Compared to the characteristically low emissions of canonical C and U (only
1.2 x 10* and 0.3 x 10% respectively),’® 8 our results show that both 5-
hydroxypyrimidines have greater emission quantum yields, with 5-HC being significantly
more emissive (Table 4.1).

Ground-state vibrational spectra of 5-HC and 5-HU (inverted FTIR spectra in
Figure 4.3) have not been reported previously. In 5-HC, the vibrational band at 1669 cm™
can be assigned to the carbonyl stretch because it is closest in frequency to the C2=0
stretching mode of cytosine at 1654 cm™.12! The higher frequency of the C2=0 in 5-HC
may arise from a decrease in the double bond length upon addition of the electronegative
hydroxyl substituent. The two low-frequency bands at 1525 and 1603 cm lie in the ring
stretching region. 5-HU has a strong vibrational band at 1639 cm™, which is likely due to
in-plane ring stretches. The C5=C6 ring stretch of uracil located at 1675 cm shifts to 1710
cm* with C5-fluorination, and C5 substitutions with decreasingly electronegative halogens
increasingly red-shifts the frequencies of this mode.? lodine, the most electronegative
uracil C5 substitution studied by the authors of ref 116, causes the mode to shift down to
1650 cm™. A hydroxyl group is less electronegative than any iodine and may cause this
vibration to decrease to the even lower frequency of 1639 cm™. Based on FTIR vibrational
mode assignments of uracil, the two shoulders appearing at the higher frequency edge of

the 1639 cm™ band at 1665 and 1690 cm™ can be assigned to the C4=08 and C2=07
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carbonyl stretching modes, respectively.*?® The lower energy vibration is assigned to the

former mode, which is always at lower frequencies than the latter mode.

Table 4.2. Single-frequency and global fit parameters for 5-HC, 5-HU, d(5-HCA) and d(5-
HUA) experimental TRIR spectra.

fit Al 71 (ps) AL 72 (ps) offset

5-HC GSB® 0.99+001 107+7 - - 0.01+0.01
Global - 104 £ 2 - - -

d(5-HCA) GSB" 0.90+0.04 142+7 - - 0.10 £ 0.04
Global - 129+1 - - -

5-HU GSB® 0.93+0.03 55%0.3 - - 0.07 £0.01
Global - 49+0.1 - - -

d(5-HUA) GSB® 0.8+0.2 56104 02+£0.2 349 0.04 £0.02
Global - 51+0.1 - 28+1 -

aSignals were fit using A; e~t/71 + A, e~t/™2 + A5, with normalized amplitudes (3; 4; = 1) and
offsets (43). Uncertainties reported as 2¢. "Parameters from 1526 cm™ fits. “Parameters from 1637
cm? fits.

Table 4.2 lists the excited-state lifetimes of 5-HC and 5-HU from TRIR single-
frequency GSB kinetics and global fits. After excitation to the optically bright, lowest-
energy lnm* state by 295 nm, 5-HC and 5-HU decay on a time scale of 107 + 7 ps and 5.5
+ 0.3 ps, respectively. The lifetimes obtained from TA after 266 nm excitation, shown in
Table 4.1, are identical within the uncertainty for both 5-hydroxypyrimidines, indicating
that the two methods are probing the same state. In considering the origin of these excited
states, we considered several possibilities. Due to the high-energy pump wavelengths used,
we considered that the longer 5-HC lifetime could reflect photoionization timescales. Both
hydrated electrons and radical ions of the DNA bases could be observed with the visible
probe wavelength used in our TA measurements. However, care was taken to subtract the

solvated electron signals and the reproducible 5-HC lifetime is not likely due to ionization
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because more readily ionized purine bases do not exhibit slow decays at this wavelength.?
124 The lifetimes are also not likely due to decay channels through an nn* state, which lasts
tens of picoseconds in the pyrimidines.*? Finally, we rule out triplet state decay because
pyrimidine triplet state lifetimes span hundreds of nanoseconds,'?® which are incompatible
with the picosecond lifetimes we observe for 5-HC and 5-HU.

Strong emission from 5-HC and much weaker emission from 5-HU indicated by
their fluorescence quantum yields of 70 x 10 and 4.6 x 10, respectively, suggest that the
lifetimes may correspond to mr* states. A Strickler-Berg analysis was performed to
calculate the fluorescence lifetimes of 5-HC and 5-HU.!!® By integrating the longest
wavelength absorption bands, the radiative lifetimes were calculated using the Strickler-
Berg equation.'?” The fluorescence lifetimes were calculated by multiplying the radiative
lifetimes by the fluorescence quantum yields, and the ratio of 5-HC to 5-HU fluorescence
lifetimes is about 22. This result is in excellent agreement with the experimental lifetimes,
which produce a corresponding ratio of 25, and leads us to assign the observed lifetimes to
bright nn* states.

Whereas C has a nn* excited-state lifetime of 0.7 ps in H20,? the lifetime of 5-
HC is about 150 times longer-lived in D.O. U, which has one of the shortest observed
excited-state lifetimes in H,0, deactivates in about 0.2 ps.1!8 In contrast, the 5-HU excited-
state lifetime is lengthened to about 5 ps in D2O. Several experimental and theoretical
studies have also shown that C5 substitutions to canonical C and U result in lengthened
nn* excited-state lifetimes. Malone et al. observed an increase in the singlet excited-state

lifetime of cytidine by a factor of 7 with C5 methylation (z = 7.2 £ 0.2 ps) and by a factor
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of almost 90 with C5 fluorination (r = 88 + 5 ps).1? The nn* lifetime of 5-HC is slightly
longer-lived than that of 5-FC, which is consistent with the greater fluorescence quantum
yield of 5-HC compared to that of 5-FU, which is ¢ = 50 x 10.11® Nachtigallova and co-
workers measured a lifetime of almost 2 ns for 5-HU in the gas phase and discovered
sizeable barriers on their calculated minimum energy paths to the So/S; conical intersection
(C1) after 290 nm excitation.*?® These authors attribute the long-lived lifetime to the longer
excitation wavelength used, which excites 5-HU further below the barrier to the C1.1° Our
measurements reveal that the lifetime of 5-HU in aqueous solution is significantly shorter
than the 2 ns, but more long-lived than other C5 modified U nucleobases, such as 5-chloro-
and 5-fluorouracil, the latter having the longer lifetime of only about 1.7 ps.'? In aqueous
solution, 5-HC and 5-HU have the longest-lived nn* excited states compared to other C5
modified C and U bases studied to date. C5 substitutions to C generally have more
exaggerated effects on the excited-state lifetime than C5 substitutions to U,*?% 128 and this
observation is consistent in our measurements of 5-HC and 5-HU.

The lengthened excited-state lifetimes may be understood when considering the
molecular deformation that enables pyrimidines to efficiently access Cls to So, that is,
torsion of the C5-C6 bond and pyramidalization of C5.120-12L 130-131 Canonical C and U
have hydrogens on the ethylenic carbons, which can access the aforementioned geometrical
changes more rapidly than larger functional groups, such as a hydroxyl group. By this
rationalization, a prevailing notion in the literature is that C5 and/or C6 substitutions
strongly hinder the motion responsible for ultrafast internal conversion thereby slowing the

deactivation rate 120 129-130. 132 Aqditionally, evidence suggests that C5 modifications to
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pyrimidines have a more dramatic effect on their excited-state properties than other ring
modifications.*?* 130132 For instance, fluorescence upconversion lifetime measurements of
U and ten of its derivatives revealed that only C5 substituted forms exhibited new longer-
lived lifetime components and biexponential fluorescence decays compared to C6
modifications.’®® Resonance Raman spectra of 5,6-dideuterouracil indicates that the in-
plane bending mode is more sensitive to C5 than C6 substituents.**? Thus, we propose that
the lengthened excited-state lifetimes of 5-HC and 5-HU compared to C and U are due to
the hindered motion of a main molecular coordinate responsible for deactivation in the
pyrimidines, i.e., pyramidalization of C5. Geometry optimizations on the minimum energy
paths leading to the Cls in 5-HC and 5-HU are currently underway to provide more
mechanistic insights into excited-state deactivation in these systems.

Note that 5-HC and 5-HU decay monoexponentially in aqueous solution, whereas
C and U were previously found to decay through two distinct channels.'?® Hare et al.
attributed their observed long-lived lifetime components (10 — 150 ps) to deactivation via
an intermediate dark nm* state,!?® which has been predicted for both C and U
experimentally and theoretically.t8 128131, 133 Modifications at C5 may reduce the coupling
between the mn* and nn* states.!!® 3 Blancafort et al. explained that even slight shifts in
the relative energies of the x> and nr* states could produce barriers that hinder access to
their Cl and limit deactivation through the nr* state.!'® In our calculations, the lowest
energy nn* states for 5-HC and 5-HU lie higher in energy than the optically accessed

Si(rw*) states and are shifted from the nrt* states calculated for C and U.
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TA and TRIR signals of both 5-HC and 5-HU decay to long-lived positive and
negative offsets. As mentioned previously, the negative offsets in the TRIR are due to
solvent heating resulting from vibrational cooling of the relaxing chromophores. The
offsets in the TA data, however, may be evidence for intersystem crossing to triplet states
in 5-HC and 5-HU. Triplet state lifetimes are much longer-lived'?® than our experimental
timescales (4 ns total delay time) and their signals would manifest as long-lived offset
signals much like the offsets observed in Figure 4.2(a). Similar offset signals were assigned
to triplet states in the canonical pyrimidines.*?® The triplet states of C and U have non-
negligible absorption near 300 nm,*3® and U has a triplet quantum yield of 0.015 in water
after 265 nm excitation.'?® These observations lead us to tentatively assign the long-lived

offsets to 5-HC and 5-HU triplet states.

4.4.2 Dinucleotide Photophysics

ECCD signals can be diagnostic of base-stacking within a strand.*® The
temperature-dependent CD spectra of both d(5-HCA) and d(5-HUA) show ECCD signals,
which arise from the electronic coupling between n-stacked nucleobases in chiral helical
strands.**® The ECCD signals in d(5-HCA) and d(5-HUA) (Figures 4.5 and 4.6) indicate
that both dinucleotides are base-stacked to a certain extent, as the complete lack of stacking
would result in no ECCD signal. In d(5-HCA), the negative exciton couplet appears around
240 nm. The non-conservative (i.e., lacking the exciton couplet signals) CD spectra at
higher wavelengths is likely due to decreased coupling between the 5-HC and A
chromophores. As shown in the UV absorption spectra of the individual bases in Figure

4.1(a), the overlap in absorption is greatest below 240 nm. Absorption overlap between 5-
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HU and A, shown in Figure 4.1(b), begins increasing near 270 nm, precisely where the
positive exciton couplet in the d(5-HUA) CD spectra begins. Increasing the temperature
disrupts the base-stacking interaction, and the amplitudes of the positive and negative
signals decrease, as observed in Figures 4.5 and 4.6. The UV absorption spectra do not
change drastically with temperature and do not show clear melting points indicating that
the dinucleotides do not aggregate and or base-pair together.

Table 4.2 compares the lifetimes obtained from single-frequency kinetics and
global fit parameters obtained from fitting the TRIR data of the 5-HC and 5-HU monomers
and their dinucleotides. The lifetime of d(5-HCA) is slightly longer than that of the
nucleoside (142 + 7 ps compared to 107 + 7 ps). In the 5-HU compounds, both the
nucleoside and dinucleotide exhibit a common lifetime of about 5 ps (5.5 + 0.3 ps and 5.6
+ 0.4 ps, respectively). The d(5-HUA) dinucleotide decay also involves a second long-
lived component with a lifetime of about 35 ps. Our measurements indicate that the excited-
state of the d(5-HCA) dinucleotide is longer-lived than either of its monomer components
and that the d(5-HUA) dinucleotide exhibits an additional long-lived decay channel not
present in the monomer.

Additional long-lived decay components present in strands of DNA compared to
the single bases in solution have previously been enigmatic in the field of DNA
photophysics research.?? Our group hypothesized that excitation of single-stranded DNA
generates excitons that decay on an ultrafast timescale to long-lived excimer/exciplex, or
charge-separated, states between two m-stacked nucleobases.?® % Very recently, we

identified charge-separated species in a dinucleotide,?® as discussed in Chapter 3 of this
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dissertation, and similar observations by other groups have solidified the assignment of
long-lived excited states in single-stranded DNA to CT states.>>3® Studies that use an
organic co-solvent or other means for disrupting mr-stacking, or base-stacking, have
revealed that this noncovalent interaction is essential for populating CT states.?® *° Based
on their ECCD signals, d(5-HCA) and d(5-HUA) base stack in solution, which suggests

that their longer-lived excited states may arise from population of CT states.

4.4.2.1 Evidence for Photoinduced Electron Transfer. The dinucleotide TRIR

spectra in Figure 4.7 show more prominent A features after 265 than 295 nm excitation
because A does not absorb significantly above 285 nm. Yet, the A bleach signals in the 265
nm pump TRIR dinucleotide spectra confirm that the GSB bands at 1626 cm™ in the 295
nm pump TRIR spectra are due to the A chromophore. The observation of A bleach signals
after selective excitation of the 5-hydroxypyrimidines with 295 nm photons strongly

suggests CT state population via photoinduced ET.
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Figure 4.9. Decay-associated difference spectra (DADS) of d(5-HCA) compared to 5-HC
(@) and d(5-HUA) compared to 5-HU (b) at the delay times indicated by the lifetimes.
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In addition to the A GSB bands, the 295 nm pump TRIR spectra of the

dinucleotides in Figures 4.7(a,c) also display additional positive features that are not

present in the TRIR spectra of the 5-HC and 5-HU monomers (Figures 4.3(a,c)). ESA

bands appear at 1560 and 1710 cm™ in d(5-HCA) and at 1560 cm™ in d(5-HUA). These

ESA bands are very subtle in the broadband TRIR spectra, and can be seen more clearly in
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Figure 4.10. TRIR spectra of d(5-HCA) (a,b) compared with TRIR spectra of a solution
containing equimolar amounts of its monomer components (c,d) in pD =6 D20 phosphate
buffer solution after 295 (a,c) and 265 nm (b,d) excitation.
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the decay-associated difference spectra (DADS) obtained from global fitting. Figure 4.9
shows the DADS of d(5-HCA) compared to 5-HC (Figure 4.9(a)) and of d(5-HUA)
compared to 5-HU (Figure 4.9(b)). The dinucleotide DADS were obtained at the longer
delay times corresponding to their lengthened excited-state lifetimes at 130 ps for d(5-

HCA) and at 30 ps for d(5-HUA) where the additional GSB and ESA spectral features are

clearly observed.
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Figure 4.11. TRIR spectra of d(5-HUA) (a,b) compared with TRIR spectra of a solution
containing equimolar amounts of its monomer components (c,d) in pD = 6 D20 phosphate
buffer solution after 295 (a,c) and 265 nm (b,d) excitation.
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These additional features are also not present in the TRIR spectra of solutions
containing equimolar amounts of the 5-hydroxypyrimidines and AMP (Figures 4.10 and
4.11). The bases in the equimolar mixtures are not stacked as in the covalently linked
dinucleotides. Accordingly, the 295 nm pump TRIR spectra of the equimolar mixtures
(Figures 4.10(c) and 4.11(c)) are identical to the spectra of the 5-HC and 5-HU monomers,
which absorb the 295 nm photons. After 265 nm excitation, the A chromophore is also
excited and the equimolar mixture TRIR spectra are very similar to the 265 nm pump TRIR
spectra of the dinucleotides (compare Figures 4.10(b,d) and 4.11(b,d)). The absence of the
A bleach band in the TRIR spectra of either equimolar mixture solution confirms that 295
nm excites only the 5-hydroxypyrimidines.

Positive features in TRIR spectra correspond to excited-state absorption and/or
absorption of transient intermediate species. Radical ions formed via photoinduced ET are
examples of such transient species that can be detected using TRIR spectroscopy.?® 323
Based on their relative standard reduction potentials, E® = 0.99 V, 0.97 V, 1.96 V vs SHE
for 5-HC, 5-HU and A, respectively, the 5-hydroxypyrimidines are better electron donors
than A. Thus, photoinduced ET in these dinucleotides would generate radical ion contact
pairs consisting of a 5-HC/5-HU radical cation and an adenine radical anion.

To investigate the possibility that the positive bands in the dinucleotide TRIR
spectra arise from absorption of the 5-HC/5-HU radical cations, we performed two-photon
ionization experiments on solutions of 5-HC and 5-HU using higher 295 nm pump
energies. The results, shown in Figure 4.12, illustrate positive bands that represent IR

signatures of the 5-HC** and 5-HU-*" species. Interestingly, the two-photon ionization



99
spectra of 5-HC and 5-HU have positive signals at the same frequencies as the new positive
bands present in the dinucleotide TRIR spectra. Specifically, 5-HC*" has signature bands
at 1560 and 1710 cm™ and 5-HU** has a signature band at 1560 cm™. The presence of these
marker bands in the TRIR of the dinucleotides but not the monomers, where the pump
energies used were too low to result in two-photon ionization of the bases, is strong

evidence for photoinduced ET.
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Figure 4.12. Transient spectra of the 5-HC (a) and 5-HU (b) radical cations generated by
two-photon absorption of 295 nm.

Based on these observations, we propose that the 5-hydroxypyrimidine-containing
dinucleotides undergo photoinduced ET in a dynamical model analogous to that proposed
for the 8-oxo0-dGuo-containing dinucleotide (see Chapter 3).2° Upon excitation by a 295
nm photon, the 5-HC, or 5-HU, excited state transfers an electron to A when the two bases
are stacked, producing a CT state consisting of a 5-HC/5-HU radical cation and an adenine
radical anion contact pair. The resulting charge-separated species are held within van der

Waals contact with one another, and the charges recombine due to the Coulombic
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electrostatic interaction. This model requires two ET processes, namely forward ET from
the 5-hydroxypyrimidine to the A and back ET. The two-photon ionization spectra suggest
that we are observing ESA of 5-HC and 5-HU radical cation vibrational marker bands in
the TRIR spectra. Based on the observation of these radical ion species, we assign the
lengthened excited-state lifetimes of the dinucleotides to the timescale of back ET.
Population of the CT state via forward ET is proposed to be faster than the resolution of
our instrument (<0.5 ps) because the radical ion bands appear in the dinucleotide TRIR

spectra at the earliest delay times.

4.4.2.2 Driving Force Calculations and Marcus Theory. Based on our proposed

model, we assign the ~140 ps lifetime of d(5-HCA) and the ~30 ps lifetime of d(5-HUA)
to the rate of back ET, whereas forward ET occurs on an ultrafast timescale in both cases.
Asymmetry in the rates of forward and back ET, as proposed here, have been reported
previously.?® 8 Depending on the thermodynamic driving forces for ET, the stacked donor-
acceptor chromophore complex forms a radical ion contact pair. Observing the signatures
of the radical ion contact pair in the transient spectrum is possible when the rate for back
ET is slower than the rate for forward ET, and is slowed enough that it can be observed
within the time resolution of ultrafast measurements.

To determine whether the asymmetry in our lifetime assignments are physically
reasonable, we calculated AG® for forward (FET) and back ET (BET) using eqgns. (3.2) and
(3.3), respectively. Assuming that 5-HC and 5-HU are the electron donors, AG°geT is
calculated to be —0.76 eV in d(5-HCA) and —0.78 eV in d(5-HUA) with 295 nm (4.20 eV)

excitation. The Gibbs energy for the back ET process is AG°get for CR is —3.44 eV in d(5-
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HCA) and -3.42 eV in d(5-HUA). In both dinucleotides, these thermodynamic driving
force calculations show that the back ET process is more exergonic than the forward ET
process. This suggests that back ET is the more thermodynamically favorable process, and
the rate would occur on a faster timescale. However, the asymmetry between back and
forward ET that we are proposing for these dinucleotides, i.e., ultrafast forward ET and the
slower back ET, can be rationalized by a more accurate model which includes an estimate
for the corresponding activation energies. Using semi-classical non-adiabatic ET theory,®?
a new parameter, called the reorganization energy, is introduced to account for how the
solvent dipole reorients around the CT excited-state molecule. Because the driving force
for forward ET is nearly equal to the reorganization energy in these donor-acceptor systems
(~1 eV), the forward ET process occurs on an ultrafast timescale. The more
thermodynamically favorable back ET process takes place on slower timescales because
this process falls in the Marcus inverted region, where the rates for ET occur on slower

timescales despite increasing reaction exergonicity.**’

4.5 Conclusion

In this work, the excited-state dynamics of two oxidatively damaged bases, 5-
hydroxycytosine and 5-hydroxyuracil, as monomer nucleosides and as dinucleotides with
adenine, were investigated for the first time. Using steady-state and ultrafast spectroscopic
techniques and excited-state calculations, we determined that the monomers exhibit
lengthened n* excited-state lifetimes and greater fluorescence quantum yields compared

to their unmodified canonical forms, with the lifetime of 5-hydroxycytidine being 150
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times greater than cytidine. After selective excitation of the red-shifted absorption bands
of the 5-hydroxypyrimidines at 295 nm, the time-resolved IR spectra of the dinucleotides
contain spectral evidence for photoinduced ET to adenine in both cases. The forward and
back ET processes occur on ultrafast and ps timescales, respectively, despite
thermodynamic driving force calculations predicting that back ET is the more exergonic
process. Apart from adding to the field of DNA excited-state dynamics and fundamental
photochemistry, this work provides insight into the potential role of oxidatively damaged
nucleobases as participants in photoinduced redox processes on the early Earth before the

appearance of more complex redox enzymes.
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CHAPTER FIVE

EXCITED-STATE DEACTIVATION OF VIOLACEIN ISOLATED

FROM ANTARCTIC BACTERIA

5.1 Introduction

Ultraviolet radiation from the sun is harmful to living organisms because the highly
energetic photons can damage biomolecules such as DNA. Organisms that spend
significant amounts of their lifetimes in the sun must adapt strategies to avoid
photodamages that may lead to mutations or cell death. Some phototrophic micro-
organisms produce UV-screening molecules as a defense mechanism against solar
irradiation.*® For example, high solar irradiances induce the production of UV-absorbing
compounds, such as scytonemin in cyanobacterial*®14° and mycosporine-like amino acids
in coral algae and phytoplankton.!*142 In addition, it has been shown that organisms
equipped with carotenoid pigments are more resistant to photodamage.'*3

Bacterial colonies in Antarctica particularly benefit from this passive
photoprotection strategy due to the presence of both continuous sunlight through the
Austral summer and the additional UVC incident on this polar region.*4%* Supraglacial
streams are short-lived and seasonally subject to continuous solar irradiation. Studying
bacterial populations in the harsh environmental conditions of supraglacial streams
provides insight into the requirements necessary for survival at life’s limits.24

Janthinobacterium sp. CG23_2, an aerobic psychrotolerant rod-shaped organism isolated

from the Cotton Glacier supraglacial stream in the Antarctic Dry Valleys (77° 07S, 161°
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50E), produces the bisindole, purple pigment violacein.** Although violacein is produced
in several bacterial species,* its unusual dimeric structure consisting of two indole rings is
not common among other natural pigments.'4’

Amid many beneficial properties, such as antiobacterial and antitumoral
properties,* it has also been suggested that violacein protects bacteria from harmful solar
radiation.*>*> One reason for this hypothesis is based on the antioxidative properties of
violacein, as the pigment may alleviate cellular oxidative stress by scavenging reactive
oxygen species generated by excess UV irradiation.’*®4® There is also evidence that
violacein protects against solar radiation by absorbing the harmful photons.*3-44 150
Violacein absorbs strongly across the UV (e = 1.6 x 103M™* cm™ at 1 = 310 nm) and visible
(¢ = 3.4 x 103 M* cm™ at 1 = 570 nm) spectral regions due to its highly conjugated
molecular structure (see Figure 5.1), which consists of 5-hydroxyindole (5-HI), 2-
pyrollidone (2-PYR) and oxindole (OX). The latter two moieties are connected by a double
bond contributing to the pigment’s overall conjugation.

In the bacterial isolates collected by the Foreman group from Cotton Glacier,
violacein production was increased in response to UV irradiation, suggesting the pigment
provides photoprotection for the organisms much like sunscreen. Molecules are classified
as sunscreens if they absorb sunlight strongly (i.e., have high molar extinction coefficients
at UV and visible wavelengths) and are photostable, which means that the molecule is able
to efficiently dissipate the energy of absorbed photons without undergoing
photoreactions.*® Molecular photostability is characterized by an ultrashort (hundreds of

femtoseconds to tens of picoseconds) excited-state lifetime and complete recovery of the
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ground-state population.* This occurs when the molecule undergoes UIC to the ground
state, a hallmark of molecular photostability.*> To date, a spectroscopic study of the

photophysics of violacein has not been reported.

Deoxyviolacein

Figure 5.1. Structures of the pigment molecules violacein and deoxyviolacein. The former
structure consists of (from left to right) 5-hydroxyindole, 2-pyrollidone and oxindole
heterocycles. The latter structure contains an indole in place of the 5-hydroxyindole.

The results of a combined fluorescence and femtosecond TA spectroscopic study
of violacein isolated from Janthinobacterium sp. CG23_2 are presented in this chapter for
the first time. The pigment has an excited-state lifetime of about 3 ps in methanol,
consistent with its low fluorescence quantum yield. We observed that both the excited-state
lifetime and fluorescence quantum yield increase with increasing solvent viscosity,
indicating that the rate of deactivation is dependent on the solvent environment. | discuss
the implications of these results for the deactivation mechanism of violacein by drawing

parallels between our observations and those of similar spectroscopic studies of other
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molecules that deactivate via large amplitude molecular motions. Finally, I consider the
relevance of our findings to the proposed sunscreening role of violacein in bacteria by
comparing its excited-state properties with those of several carotenoid pigments also

isolated from the Antarctic supraglacial stream samples.

5.2 Experimental

5.2.1 Pigment Production and Composition

The supraglacial stream water samples from Cotton Glacier were collected by Prof.
Christine Foreman and her research group from the Department of Biofilm Engineering at
Montana State University.*! In the Foreman lab, Dr. Heidi J. Smith grew the bacterial
colonies and extracted the violacein pigment. Janthinobacterium sp. CG23_2 was grown
to mid-exponential in the dark in a general-recovery low-nutrient media, R2A (Difco).
Samples were concentrated via centrifugation (10,000 g for 15 min). The supernatant,
insoluable in aqueous solution, was removed and replaced with an equal volume of
methanol (99.8% Sigma) to extract violacein. Samples were incubated for 12 hrs at 4°C
and centrifuged (10,000 g for 15 min) once again to separate the extracted pigment and cell
debris. Although solvent extraction separated the pigment from most of the cell
components, the sample purity was not satisfactory for spectroscopic measurements
because the extract solutions still contained impurities (see Section 5.3.1 below). The crude
pigment extract solutions were further processed using the SPE purification procedure

described in Chapter 2.
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Through the course of our collaboration, the Foreman group has provided us with
five crude pigment extract solutions. Purification of pigment solutions extracted from
Janthinobacterium sp. CG23_2 vyielded very low violacein concentrations (see Section
5.3.1). To generate higher concentrations, the Foreman group extracted pigment from
violacein hyper-producing Janthinobacterium sp. CG23_2 mutant colonies, which were
genetically modified to generate greater quantities of violacein per growth period. Pigment
extracts from the WT and mutant bacteria were evaluated and compared to ensure the
violacein molecule had not been chemically altered.

Another purity consideration is that bacterial production of the violacein pigment
generates a mixture of molecular forms: violacein and deoxyviolacein, which lacks the C5
hydroxyl group of the 5-HI, (Figure 5.1). The biochemical pathway for violacein
production in bacteria also leads to the parallel synthesis of deoxyviolacein, and studies
that isolate crude violacein extracts are generally referring to a mixture of violacein and
deoxyviolacein.*> 152153 Although violacein is produced in excess, deoxyviolacein
concentrations range from 10 — 30% of total pigment produced.'®*'% As a mixture of
molecular forms could influence spectroscopic measurements, control experiments,
presented in Section 5.3.1.1, were conducted to determine differences in photophysical

properties between violacein and deoxyviolacein.

5.2.2 Spectroscopic Methods

UV absorption spectra were recorded before and after laser irradiation. Steady-state
emission spectra were collected after 600 nm excitation using 3.0 nm bandpass slit widths,

2.5 nm sampling, and 20.0 s integration time. Sample concentrations were adjusted to an
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optical density of 0.2 to avoid reabsorption of emitted light. TA instrumentation is
described in detail in Chapter 2. In the experiments reported in this chapter, TA
measurements were collected for all samples using 600 nm pump with 570 and 720 nm
probe wavelengths. The 600 nm pump was attenuated to 0.9 uJ and focused to a spot size
of about 670 um (fwhm). TA Kinetics of violacein in methanol was also collected using
265 nm pump and 570 nm probe wavelengths. The 265 nm pump energy was also
attenuated to 0.9 pJ with a spot size of about 300 pm (fwhm). All violacein solutions were

held within a steady-state 1 mm path length quartz cuvette for TA measurements.

5.3 Results

5.3.1 Purification Results

This section describes the results that led to the development of the SPE purification
procedure outlined in Chapter 2 and the determination of the pigment extract molecular
composition. In the following paragraphs, SPE purification refers to the procedure
described in Chapter 2 unless otherwise indicated.

The base peak chromatogram of the crude pigment extract from WT
Janthinobacterium sp. CG23_2, shown in Figure 5.2(a), contains several well-separated
peaks eluting between 2.1 and 3.9 minutes. The selected peak eluted at 2.4 minutes (peak
labeled 1) is assigned to [M + H]* = 344.1 g/mol, which, after subtracting the weight of the
ESl-added proton, corresponds to the molecular weight of violacein (M = 343.1 g/mol).
Based on the relative intensities of the violacein peak and the other peaks in the

chromatogram, violacein appears to comprise a small percentage of the total solution.
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HPLC provides only a rough estimate of the number of molecules present in a solution,
however. The chromatogram peak intensities of different compounds cannot be
quantitatively compared due to differences in column retention times. A more quantitative
estimate can be gained from the mass spectrum shown in Figure 5.2(b). Upon comparing
the intensity of the violacein peak at 344.1 m/z with the other m/z peak intensities, the
results clearly indicate that the solution contains over 50% impurities, with most impurity
compounds weighing between 120 and 250 g/mol. These initial analyses confirmed that
the crude pigment extract solutions indeed contained a significant amount of impurities

and required further purification before undergoing sensitive spectroscopic measurements.
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Figure 5.2. HPLC base peak chromatogram (BPC trace) of a diluted crude pigment extract
as received from the Foreman group (a). Peak 1 (highlighted purple) corresponds to
violacein. Mass spectrum of the same solution (b).
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Figure 5.3. Upper panel: HPLC chromatogram of the crude pigment extract before SPE
purification. The green peak corresponds to violacein, the light blue peak corresponds to
deoxyviolacein and the red peaks are due to impurities. Lower panel: HPLC chromatogram
after SPE purification illustrating the successful removal of impurities.

The upper panel in Figure 5.3 shows the chromatogram of the pigment extract

before further purification with three distinct peak regions highlighted. The green and light

blue peaks eluted at 2.4 and 2.6 minutes have [M + H]" values of 344.1 and 328.1 g/mol,
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respectively, which correspond to the molecular weights of violacein and deoxyviolacein
(M = 327.1 g/mol). The third peak region between 3.0 and 3.5 minutes, shown in red, is
due to elution of impurities, as the molecular weights associated with these peaks do not
correspond to either violacein or deoxyviolacein. This solution was loaded onto a SPE
column and washed with 20% ACN to remove excess impurities. The pigment was eluted
with 6 mL of 40% ACN, and the HPLC chromatogram of the collected solution is shown
in the lower panel of Figure 5.3. Once again, molecular weight assignments confirmed the
presence of violacein (green peak) and deoxyviolacein (light blue peak). However, the
chromatogram no longer contained the impurity peaks that were present in the unpurified
solution. This result demonstrated that SPE purification indeed removes impurities and the
purified pigment can be conserved. In addition, the relative intensities of the green and
light blue peaks indicate that the ratio of forms produced by the WT bacteria is comparable
to the molar ratio of about 7:3 violacein to deoxyviolacein produced by other violacein-
producing bacteria.*? 153

The pigment extract solutions from WT Janthinobacterium sp. CG23_2 were very
dilute, and after purification, the procedure did not yield enough pure pigment for TA
experiments. The Foreman group extracted pigment from the violacein hyper-producing
mutant strain and MS measurements were performed to ensure the pigment molecules from
both strains were identical. Figure 5.4 compares the fragmentation pattern of violacein
purified from the hyper-producer (red peaks) and the WT CG23_2 (black peaks). MS
fragmentation patterns provide a molecular fingerprint, and can be used to unambiguously

identify molecules. The fragmentation peaks of violacein from both strains are present at
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the same m/z and reach similar relative abundances. This is strong evidence that the
pigment molecules produced by the different bacterial strains are identical and confirms
that genetic modification did not affect violacein. Note that small differences in the position
and magnitude of some low intensity peaks arise from instrumental noise and fall within

the typical signal-to-noise ratio.
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Figure 5.4. Mass spectrometry fragmentation patterns of violacein purified from the hyper-
producing mutant compared to violacein purified from the wild-type CG23_2 strain. The
identical pattern proves the pigment molecule is the same from both strains.

SPE purification of pigment extracts from the mutant strain yielded sufficient
quantity of violacein for TA experiments. Although HPLC with ESI-MS detection
confirmed the composition of the separations, steady-state UV-visible absorption, shown
in Figure 5.5, provides further justification that SPE purification was effective. The

spectrum of the crude pigment extract as received from the Foreman group (black trace

labeled “extract”) shows an absorption band from 700 — 500 nm, and the absorption
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increases significantly below ~450 nm. The absorption spectrum of pure violacein,
previously published by Rettori and Duran,* exhibits well-separated absorption bands
below 450 nm. In another study, the absorption spectrum of violacein purified from
bacterial cultures using a single ethanol solvent extraction shows a similar increase in

absorption below 450 nm.**
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Figure 5.5. UV-visible absorption spectra of the crude pigment extract (black trace), the
flow through (dashed green trace) and wash (dashed red trace) solutions collected during
SPE, and the purified violacein after SPE.

This increase in absorption may be attributed to residual bacterial components, such
as protein segments or DNA, which absorb in the UV region. Figure 5.5 also shows the
absorption spectrum of the FT solution (dashed green trace) collected while loading
pigment onto the SPE column, and the W solution (dashed red trace) collected after

washing the pigment to remove impurities. Both FT and W solutions appear to lack

violacein (no absorption band between 700 — 500 nm) and have increasing absorption
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below 450 nm similar to the rise observed in the extract. These spectra indicate that the
impurities causing the absorption below 450 nm either passed through the SPE column in
the FT solution or were removed by washing the loaded pigment. The eluted violacein
(purple trace labeled “after SPE”’) shows distinct absorption bands below 450 nm after SPE
purification, and the spectrum is identical to that of highly pure violacein.**®

The SPE purification method described in Chapter 2 includes two pigment elution
steps. Highly purified violacein was eluted within the first 2 mL of eluent (E1) whereas the
remainder of the pigment, which consisted of a mixture of 70% violacein and 30%
deoxyviolacein, was eluted in the final step (E2). Pure violacein is isolated in the first
couple mL, but deoxyviolacein elutes with violacein as more solution is used. This is
because the two forms have very similar HPLC elution times (2.4 and 2.6 minutes as shown
in Figure 5.3), making it difficult to elute one form without the other. Theoretically, the
method could have been developed further to obtain solutions consisting of just violacein
and just deoxyviolacein. However, as discussed in the next section, very little difference

was observed in our excited-state measurements of the E1 and E2 solutions.

5.3.1.1 Violacein vs. Deoxyviolacein Control Measurements. Whereas violacein

has been shown to offer many physiological benefits to bacteria, the biological role of
deoxyviolacein, which is always synthesized in parallel, remains uncertain.** Several
research groups have devised genetic or analytical methods for isolating deoxyviolacein,*>
43,153 and one group has suggested that deoxyviolacein is more resistant to both UV and
visible photodegradation than violacein.*® To determine the difference in violacein and

deoxyviolacein photophysics, initial spectroscopic measurements were performed on
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solutions of the E1 and E2 SPE separations. If the photophysics differ greatly, TA
measurements on a solution consisting of solely violacein (E1) versus a solution of about
70% violacein and 30% deoxyviolacein (E2) would reveal different deactivation lifetimes.

To test this hypothesis, we carried out excited-state lifetime measurements on E1 and E2.
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Figure 5.6. Left: UV-visible absorption spectra of the E1 and E2 SPE separations. Right:
600 nm pump / 720 nm probe TA Kinetics of the same solutions.

After SPE, the E1 and E2 separations were in 35% and 50% ACN solutions,
respectively. These solvents were removed via overnight dry N air purging and the
pigment samples were dissolved in 1.8 mL of pure methanol. UV-visible absorption spectra
and 600 nm pump / 720 nm probe fs-TA measurements were measured on the solutions
held in a 1 mm path length quartz cuvette. Figure 5.6 displays the E1 (maroon trace) and
E2 (blue trace) absorption spectra in the left panel and the fs-TA kinetics in the right panel.
Subtle differences are observed in the absorption spectra of E1 and E2. In particular, the
first absorption band of the violacein solution is red-shifted by 9 nm compared to that of
the mixture. Similar red-shifting of this visible band between the two forms has been

observed previously, with magnitudes between 4 and 12 nm.*3 15316 Thjs slight red shift
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is not large enough to suggest major changes in the excited states corresponding to this
visible transition. The TA spectra shown in the right panel of Figure 5.6 corroborate this
finding, as the scaled kinetics show no observable difference within the instrument signal-
to-noise ratio.

Due to these control experiments, continued method development for purification
of the two forms was deemed unnecessary. Hence, all other spectroscopy measurements
were carried out on solutions of the 70% violacein, 30% deoxyviolacein mixture dissolved
in pure solvents. Solution concentrations were calculated using the average molecular
weight, i.e., 0.7(343.3 g/mol) + 0.3(327.3 g/mol) = 338.5 g/mol. Throughout the rest of this

chapter, 1 will use violacein when referring to the mixture of forms.

5.3.2 Emission and Ultrafast Spectroscopy in Methanol

The UV-visible absorption spectrum of violacein in methanol (Figure 5.7(a)) is
consistent with the spectrum of purified violacein pigment extract,> and exhibits a large
absorption band at 569 nm (/lfﬁl’;x). Based on semi-empirical calculations of violacein, Dias
et al. assigned this band to a nn* transition localized on the central 2-PYR ring, and the
second band centered at 370 nm to charge transfer from the 5-HI to the central 2-PYR.*’
The extinction coefficient (&) based on our measurement is 3.4 x 10° M cm™at 570 nm,
comparable to the value 3.7 x 10° M cm™ at 570 nm measured by Wang et al.*>® Mende
et al. reported an ¢ value of 1.9 x 10* M cm™ at 575 nm, but it is possible their
measurement reflects significant error due to partial pigment purification.’>? In both

studies, the researchers measured extinction coefficients of violacein from bacterial

extracts, but the method of purification used by Mendes et al. consisted of a single solvent
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Figure 5.7. UV-visible absorption spectrum of violacein in methanol (a). Steady-state
emission spectrum of violacein in methanol collected after 600 nm excitation, with 3.0 nm
bandpass slit widths and 20.0 s integration (b). The spectrum was corrected for lamp
intensity and solvent background emission.

extraction step whereas Wang et al. repeated solvent extraction several times to ensure
pigment purity. As discussed in Section 5.3.1, a single solvent extraction step is insufficient

for purifying the pigment from cell components, and results in greater absorbance than pure

solutions (see Figure 5.5).
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Figure 5.8. Single wavelength TA kinetics of violacein in methanol collected with 600 nm
pump and 720 (a) and 570 nm (b) probe wavelengths. Both traces were fit to single
exponentials with the time constants provided in the figures. Note the vertical dashed lines
in both spectra represent the break between linear and logarithmic scales on the x-axis.
Figure 5.7(b) displays the emission spectrum of violacein in methanol after 600 nm
excitation. Using the laser dye LDS 751 in methanol as a standard,*®® the fluorescence

quantum yield of violacein was determined to be 1.37 x 10*. Both the emission spectrum

and the fluorescence quantum yield of violacein are presented here for the first time.
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Figure 5.9. 265 nm pump / 570 nm probe TA Kinetics of violacein in methanol.

TA measurements of violacein in methanol were collected with 600 nm pump and
720 (Figure 5.8(a)) and 570 nm (Figure 5.8(b)) probe beams. At both probe wavelengths,
the negative AA signals recover monoexponentially and completely return to baseline with
time constants of r = 3.2 + 0.2 ps and 7 = 5.4 + 0.2 ps for 720 and 570 nm probing,
respectively. Identical TA Kinetics are observed for the methanol solution using 265 nm
pump / 570 nm probe wavelengths. The 265 nm pump pulses are intense enough to ionize
the methanol solvent via two-photon excitation and generate solvated electrons, which
absorb strongly at 570 nm.%" Figure 5.9 shows the violacein kinetics after subtraction of
the solvated electron signal according to the procedure described in Chapter 2.

Violacein UV-visible absorption spectra were collected before and after 600 and
265 nm laser exposure to determine whether photodegradation or photoproduct formation
had occurred (Figure 5.10). In the 600 nm excitation experiments, the absorption spectrum

did not change after about 2 hours of laser exposure (Figure 5.10(a)). With 265 nm
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excitation, the absorption decreased slightly (less than 20%) after irradiation, indicating
that a typical amount of photodegradation had occurred, as is common for 265 nm pump
TA experiments (Figure 5.10(b)). There was no evidence for the formation of

photoproducts after either visible or UV excitation. Additionally, the TA kinetics from 600
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Figure 5.10. UV-visible absorption spectra of violacein in methanol recorded before (blue
traces) and after (red traces) TA with 600 (a) and 265 nm (b) laser irradiance.

nm pump / 570 nm probe measurements are identical for solutions held in either a steady-
state quartz cuvette or the flow cell (results not shown here). Due to the lack of
photodegradation after 600 nm laser exposure, subsequent 600 nm pump TA experiments
were conducted on violacein samples held in the steady-state cell. This eliminated the need
to use the flow cell for measurements using the viscous solvents, which do not flow well,

and required less pigment sample for each solution.
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5.3.3 Emission and Ultrafast Spectroscopy in Viscous Solvents

Violacein was dissolved in several other solvents of varying viscosities, including
acetone, ethylene glycol and glycerol. Ethylene glycol and glycerol have similar dielectric
constants but drastically different viscosities (see Table 5.1).2° Compared to methanol
(0.54 mPa:-s), the viscosities of ethylene glycol and glycerol are 16.1 and 934 mPa:s,
respectively.'®® Acetone (0.31 mPa-s) was used as a control because it has a similar
viscosity as methanol.'®® All solvents also have similar refractive indices.'®%-1%2 All of the
following spectroscopic measurements of violacein in these solvents were carried out at
room temperature (20 + 2°C).

Table 5.1. Physical properties of the different solvents used for violacein spectroscopy
measurements.

Viscosity (7, mPa-s)? Dielectric (¢)? Refractive Index (n)
Acetone 0.31 21.0 1.362
Methanol 0.54 33.0 1.332
Ethylene Glycol 16.1 41.4 1.43P
Glycerol 934 46.5 1.47°

aMeasured at 25°C from ref 160. "Measured at 25°C from ref 161. “Measured at 20°C from ref 162.

UV-visible absorption and steady-state emission spectra of violacein in these
solvents are presented in Figure 5.11. The absorption spectra of violacein in the different
solvents are compared in Figure 5.11(a). Note that the spectra have been scaled for
comparison of the visible band. As shown in Figure 5.11(b), violacein is much more
emissive in the more viscous ethylene glycol and glycerol solutions compared to the low-

viscosity acetone and methanol solutions. The fluorescence quantum yield of violacein in
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ethylene glycol and glycerol increased by approximately 10 and 30 times compared to

methanol, respectively.
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Figure 5.11. UV-visible absorption (a) and steady-state emission (b) spectra of violacein
in the solvents indicated.
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Figure 5.12. 600 nm pump TA kinetics of violacein in the solvents indicated collected with
720 (a) and 570 nm (b) probe beams. The kinetics of violacein in acetone were fit with a
monoexponential function at both probe wavelengths. The kinetics in ethylene glycol and
glycerol were fit with monoexponential functions at 720 nm and biexponential functions
at 570 nm. Note that the methanol kinetics are included in both panels for comparison.
The kinetics of violacein in the different solvents observed at 720 nm (Figure
5.12(a)) reveal that the signals decay much more slowly in the viscous solutions than in the
low-viscosity solutions. The 600 nm pump / 720 nm probe TA kinetics were fit using single

exponential functions, which produced lifetimes of z = 30 £ 1 ps for violacein in ethylene

glycol and =90 £ 5 ps for violacein in glycerol. By contrast, the violacein 720 nm kinetics
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decay on a similar several-picosecond timescale in acetone as in methanol (z = 3.2 £ 0.2

ps), with a proportionally low fluorescence quantum yield. Kinetics obtained with 570 nm
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Figure 5.13. UV-visible absorption (a) and steady-state emission (b) spectra of violacein
in GIyDES compared to methanol.

probing, shown in Figure 5.12(b), show that violacein deactivates on two distinct
timescales in ethylene glycol and glycerol. Biexponential fitting produced lifetimes of 7 =

7 0.8 psand r =52 + 3 ps for violacein in ethylene glycol and r = 15 £ 2 ps and 7 = 140
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+ 12 ps for violacein in glycerol. In acetone, the 570 nm probe signal decays
monoexponentially, as in the 570 nm probe kinetics observed in methanol, with a lifetime

of 1=6.3+0.2 ps.
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Figure 5.14. 720 (a) and 570 nm (b) probe TA kinetics of violacein in GIyDES collected
after 600 nm excitation.

Our observations presented in Figures 5.11 and 5.12 suggest a solvent viscosity

dependence on the deactivation lifetimes observed for violacein. To further test this
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viscosity dependence, violacein was also dissolved in a DES consisting of choline chloride
and glycerol in 1:2 molar ratio (designated as GIyDES). See Chapter 2 for the DES
preparation procedure. It has been reported that this DES has a viscosity of 376 mPa-s at
33% ChoCl by mass.>® Our DES, as prepared using the 1 ChoCl : 2 Gly molar ratio,
contains 43% ChoCl by mass, indicating that the viscosity of our solution may actually be
lower based on the available data.>

Figure 5.13 shows the UV-visible absorption and emission spectra of violacein in
the GIyDES and in methanol for comparison. Our measured fluorescence quantum vyield
for violacein in this solution is 30 x 10, TA Kinetics, shown in Figure 5.14, were collected
at both 570 nm and 720 nm probe wavelengths. Signals collected with 720 nm probing
decay monoexponentially with a lifetime of = 84 = 6 ps. Similar to our observations in
the viscous ethylene glycol and glycerol solutions, the kinetics obtained using 570 nm
probing decay biexponentially, producing one shorter time constant of z = 15 + 5 ps and

one longer time constant of z =90 + 11 ps.

5.3.4 Time-Resolved Emission in an Optical Glass at 77 K

Time-resolved emission measurements of violacein in an ethanol / methanol rigid
optical glass formed at 77 K were collected using the TCSPC technique, as described in
Chapter 2. Emission decays were collected after 310 nm excitation between 630 and 770
nm at 20 nm increments. Figure 5.15(a) shows the emission decay at 690 nm and illustrates
the stark difference in decay lifetimes of violacein between room and cryogenic
temperatures. The emission collected at room temperature (red trace) looks like the IRF

(gray trace), which is about 50 ps, and contains a baseline due to background scattering. In
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contrast, the emission collected at 77 K clearly decays more slowly and was fit using two

exponentials, as described in Chapter 2.
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Figure 5.15. Time-resolved emission decay of violacein in a 5:1 volume ratio ethanol /
methanol solution measured at 77 K (blue trace) and room temperature (red trace) collected
at 690 nm (a). The 77 K decay was fit to two exponentials (black trace). The instrument
response (IRF, gray trace) has FWHM of 50 ps. Time-resolved emission spectra of
violacein in the same solution collected at the indicated wavelengths (b).

Lifetimes and their percent amplitudes are tabulated in Table 5.2. At 77 K, violacein
emission in the alcoholic solution occurs on two timescales, approximately 400 ps and 1
ns. Note that the factor No/N is the percent of contributions from unresolvable emission
components (those faster than the IRF) and background scattering. Time-resolved emission
spectra (TRES) from these TCSPC measurements are plotted in Figure 5.15(b). At 77 K,
violacein maximum emission occurs at 670 nm, which is consistent with the room
temperature emission of violacein in methanol (see Figure 5.7(b)). The TRES also show

that at each decay time the wavelength of maximum emission does not shift, and at each

wavelength the emission decays completely by 2.5 ns.
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Table 5.2. Fit parameters of 310 nm excitation TCSPC decays at the indicated emission
wavelengths (1em) of violacein in the 5:1 volume ratio ethanol / methanol mixture at 77 K.

Jem (NM) %A2 71 (ns)® %A2 2 (ns)® No/N (%)°
630 59.6 0.64 40.4 1.30 7.28
650 84.7 0.45 15.3 1.00 8.63
670 87.4 0.42 12.6 0.87 8.42
690 87.0 0.41 13.0 0.94 8.78
710 90.1 0.43 9.86 1.06 8.62
730 93.3 0.43 6.69 1.17 8.65
750 93.9 0.43 6.14 1.26 8.93
770 93.1 0.43 6.95 1.32 9.38

3percent amplitude (A) of the indicated °decay lifetime components (z) as given by egn. 2.4.
“Factor accounting for background scattering and decay components not detected in TCSPC.

The time-integrated emission spectra of violacein at 77 K shown in Figure 5.16(a)
depict the contribution of all emitting states to the total sample emission (labeled “sum”,
blue triangles). In this data, the total number of photons contributed come from the two
emissive states multiplied by a TCSPC wavelength correction factor, quantified by Aiz; for
the 400 ps decay component (green circles) and A»z> for the 1 ns decay component
(magenta squares). Contributions from any unresolvable fast decay components and
background scattering are quantified by the factor 0.008B, (pink inverted triangles), which
is the same quantity as No, described in Table 5.2.52 The steady-state emission spectrum of
violacein was measured at 77 K by colleague Prof. Kimberly de La Harpe at the United
States Air Force Academy in Colorado Springs. Shown in Figure 5.16(b), the violacein
emission spectrum has the same maximum (about 670 nm) at cryogenic temperatures as
the room temperature spectrum (Figure 5.7(b)) but exhibits a weak shoulder that peaks near
720 nm. This shoulder is also observed in the emission spectrum reconstructed from the

TCSPC data (“sum” trace shown in Figure 5.16(a)), confirming that the total sample
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emission obtained from TCSPC measurements is equivalent with the steady-state emission

spectrum.
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Figure 5.16. Time-integrated (a) and steady-state (a) emission spectra of violacein in the
ethanol / methanol mixture collected at 77 K. The time-integrated emission spectra were
corrected as described in the text.
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5.4 Discussion

Table 5.3 lists the spectral characteristics of the steady-state UV-visible absorption
and emission spectra of violacein in the different solvents studied in this chapter. As shown
in Figures 5.11(a) and 5.13(a), minor differences are observed in violacein absorption
below 400 nm. The visible transition between about 450 — 700 nm, which peaks at 569 nm
in methanol, appears to shift in the other solvents. The wavelengths of maximum
absorption, listed in Table 5.3, show that this visible band red-shifts with increasing solvent
polarity and viscosity (acetone < methanol < ethylene glycol < 1 ChoCl : 2 Gly DES <
glycerol). The greatest red-shift observed, from acetone to glycerol, is as much as 31 nm.
Despite this substantial shifting in the visible absorption band, the emission spectra show
negligible solvatochromism in the polar solvents after 600 nm excitation, as indicated by

the wavelengths of maximum emission listed in Table 5.3. A solvatochromic shift of about

abs

Table 5.3. Wavelengths of maximum absorption (4,,c) and emission (ﬂﬂlax) and
fluorescence quantum yields (¢n) of violacein in the solvents listed. All parameters were
obtained experimentally in this study.

Fonise (M) Fmax. (NM) gn x 10°
Acetone 556 668 2.0
Methanol 569 680 1.2
Ethylene Glycol 584 683 10.8
DES 580 683 30.0
Glycerol 587 683 33.0

12 nm occurs on going from the non-polar acetone solvent to the polar solvents, but little
to no shifting of the emission band is observed as the solvent polarity increases. Solvent

viscosity, however, strongly affects the fluorescence quantum vyield of violacein. Our
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calculated fluorescence quantum yields indicate that violacein emissions increase
drastically as solvent viscosity increases (see Figure 5.11(b) and Table 5.3). Generally,
fluorescence quantum yields and excited-state lifetimes are strongly correlated, although
this is not always the case.* In the next section, we explore the connections between the
fluorescence quantum yield and excited-state lifetime of violacein in these different
solvents, and evaluate the implications of our observations for the mechanism of excited-

state deactivation.

5.4.1 Violacein Excited-State Deactivation and Dynamics

The lifetimes and fitting parameters obtained from TA measurements using 600 nm
pump and 720 and 570 nm probe wavelengths for all solutions are compared in Table 5.4.
As violacein emission spans from about 600 — 850 nm, the 720 nm probe wavelength is
expected to monitor stimulated emission, which is consistent with the negative AA signals
observed in our 720 nm probe experiments. Stimulated emission produces more photons,
resulting in a more negative signal according to the TA theory discussed in Chapter 2. We
performed a systematic check to validate the phase of our signals were correct (see Chapter
2). Thus, the stimulated emission decays observed with 720 nm probing provide
measurements of excited-state lifetimes. The negative AA signals observed with the 570
nm probe provide measurements of ground-state repopulation, or ground-state bleaching
(GSB).

From the stimulated emission kinetics measured at 720 nm, violacein has an
excited-state lifetime of approximately 3 ps in methanol (Figure 5.8(a)). The

monoexponential Kkinetics show that the excited-state population fully recovers to the
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ground state, as indicated by the absence of long-lived offsets due to population of dark
states or intersystem crossing to a long-lived triplet state. This also indicates that the excited
state does not lead to permanent photoproduct formation channels, which was also verified
by recording the UV-visible absorption spectrum after laser irradiation. The violacein
absorption spectrum did not change after either 600 or 265 nm irradiation (Figure 5.10).
The observation of monoexponential decays at both probe wavelengths (Figure 5.8)
suggest that transient photoreaction channels are also not accessed. Thus, virtually all
excited-state violacein molecules return to the ground state on a picosecond time scale.

Table 5.4. Stimulated emission (720 nm) and ground-state bleach (570 nm) kinetic fit
parameters of violacein in the solvents listed.

Aprobe (NM) 71 (PS) 72 (ps)
Acetone 720 45%0.2 -
570 6.3+£0.2 -
Methanol 720 3.2+0.2 -
570 54+0.2 -
Ethylene Glycol 720 301 -
570 7+£0.8 52+3
DES 720 84+6 -
570 15+£5 90+ 11
Glycerol 720 905 -
570 15+£2 140 + 12

A picosecond excited-state lifetime of violacein in methanol is further supported
by the low fluorescence quantum yield measured in this solvent (Table 5.3). Both the low
fluorescence quantum yield and picosecond excited-state lifetime indicate that violacein
deactivates predominantly nonradiatively in methanol. As the solvent viscosity increases,

the fluorescence quantum yield of violacein increases and consistently, the stimulated
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emission lifetime also increases. The proportionality between the fluorescence quantum
yield and stimulated emission lifetimes is strong evidence that the lifetimes correspond to
the S; excited state. This agreement also further validates that the 720 nm wavelength
probes stimulated emission, and we tentatively assign the 720 nm kinetics to the S; excited-
state lifetime of violacein.

Note that the fluorescence quantum yield measured in GIyDES is identical to that
in glycerol, despite the significant difference in solvent viscosity (Table 5.1). The viscosity
measurement given in Table 5.1 corresponds to 33% ChoCl by mass, but our DES contains
about 43% ChoCl by mass and was very viscous by qualitative comparison with glycerol.
Due to the limited information available for these relatively novel DESs, it is possible that
the reported viscosity is inconsistent with the actual viscosity of our DES used in these
measurements. Thus, the discrepancy does not negate a solvent viscosity dependence on
the fluorescence quantum vyield (or the excited-state lifetimes), and we focus more on the
observations made in the other, more well-defined solvents.

GSB measurements capture the thermal equilibration of the vibrationally hot
ground state, as the excess vibrational energy is dissipated as heat via intermolecular
energy transfer to the solvent molecules.'®® Single-wavelength measurements record the
rate of the so-called vibrational cooling process in addition to the ground-state repopulation
by deactivation of the excited-state. Thus, the observed GSB lifetimes are slightly longer-
lived than lifetime measurements from directly probing the excited state. Our 570 nm GSB
kinetics are slightly longer-lived than the excited-state lifetimes measured in the stimulated

emission kinetics. Due to this we tentatively assign the violacein GSB lifetimes to
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vibrational cooling, which occurs in about 5.4 and 6.3 ps in methanol and acetone,
respectively. This timescale is consistent with previous measurements of vibrational
cooling rates in methanol and acetone. 63165
Two distinct lifetimes were observed in the 570 nm GSB kinetics of violacein in
the more viscous ethylene glycol and glycerol solvents. As listed in Table 5.4, ground-state
recovery occurs on two timescales in these solvents, including one fast and one slow
component. In ethylene glycol, the fast timescale is 7 + 0.8 ps and the slower timescale is
52 + 3 ps, and in glycerol, the fast and slow timescales are slightly longer-lived than the
kinetics observed in ethylene glycol (15 + 2 and 140 + 12 ps). The longer-lived time
components are both slightly longer than the stimulated emission lifetimes observed in
these solvents. Based on our previous conjecture, these GSB lifetimes may also arise from
the convolution of excited-state deactivation and vibrational cooling timescales.
Vibrational relaxation of betaine-30 in ethylene glycol occurs in about 15 ps,'®* and
vibrational relaxation likely occurs on even slower timescales in glycerol.*%® However, the
stimulated emission lifetimes in these solvents are too long for us to be observing VC
dynamics. TA measurements are only sensitive to VC dynamics when the rate of excited-
state deactivation competes with the rate of VC.

Due to the inherent difficulty in interpreting single-wavelength Kinetic
measurements in complex molecules such as violacein, it is difficult to definitively
determine the origin of the lifetimes observed in the ethylene glycol and glycerol 570 nm
kinetics. These solvents are both more polar and more viscous than methanol and acetone.

We may speculate that the shorter lifetime may be due to the population of an intermediate
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CT state that is more stabilized in more polar solvents. However, the relative amplitudes
of the short and long 570 nm decay components are not well defined by the fitting program,
i.e., their uncertainties are too high to attribute the associated time components to distinct
populations. Based on this observation, we are more inclined to the possibility that the 570
nm photon probes a region consisting of competing photophysical processes. For instance,
we may be probing a region where the ground-state absorption overlaps with some excited-
state absorption. Broadband UV-visible transient spectra of violacein are needed to provide
more definitive assignments for the possible transitions observed in this complex
chromophore.

Compared to methanol, violacein excited-state deactivation lengthens by factors of
approximately 9 in ethylene glycol, 30 in GIyDES and glycerol, and 125 at 77 K glass. The
cause of this lifetime lengthening effect in the viscous solvents is not likely due to dynamic
solvent effects brought on by changes in diffusive molecular motion, as diffusional
processes typically exhibit non-exponential behavior.X®” In all solvent environments
investigated here, violacein exhibits either single or double exponential decays, which are
not indicative of diffusive processes. The lengthened excited-state lifetimes are not likely
due to different timescales of solvent reorganization, which frequently exhibits dynamic
red-shifting of emission.’® Both the steady-state emission spectra of violacein in the
different solvents at room temperature (Figure 5.11(b)) and the 77 K TRES measurements
(Figure 5.15(b)) show that the maximum emission wavelength of violacein does not change

over time.
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Our observations suggest that as the solvent environment becomes more
constricting, either through increased solvent viscosity or at 77 K, the rate of violacein
excited-state deactivation decreases. This solvent viscosity dependence on the fluorescence
quantum yield and the excited-state lifetime of violacein suggests that a significant change
in the molecular framework or a large amplitude molecular motion may be operative in
deactivation. With the first solvent layer consisting of bulky, tightly bound solvent
molecules, a large nuclear motion would occur more slowly in high solvent viscosity than
in low solvent viscosity environments. Consequently, the rate of deactivation would be
slowed significantly. Similar explanations have been invoked to explain the so-called
viscous drag effect on excited-state deactivation of triphenylmethane dyes.*®® This could
explain why the violacein excited-state lifetime increases in ethylene glycol, glycerol and
the glycerol DES, which are all much more viscous than methanol, whereas the excited-
state decays on a similar timescale in acetone, which has a viscosity similar in magnitude
to methanol.

Decreasing the temperature to 77 K would also hinder a large amplitude molecular
motion, as the rigid glass environment constrains the molecular degrees of freedom of the
solute. The 77 K TCSPC results show increased emissions from violacein, and the decays
slow to the several hundred picosecond and nanosecond timescale. Low-temperature
studies have shown a similar effect on the rates of excited-state deactivation in the green
fluorescent proteint’® and in modified stilbenes,'’* which deactivate via large amplitude

molecular motions.



140

It was initially hypothesized that deactivation occurs via photoisomerization about
the C=C double bond connecting the central 2-PYR and OX. Although cis-trans
isomerization is generally associated with a large barrier on the electronic ground state
potential energy surface, it can readily occur on n-n* electronic excited-state surfaces.!%®
These ubiquitous unimolecular reactions, observed in the green fluorescent protein,'’? and
retinal, the chromophore of rhodopsin,!”® can occur on ultrafast timescales. In high-
viscosity solvents, this large-amplitude motion is hindered by the frictional forces of the
viscous solvent environment, resulting in decreased rates of isomerization. The solvent
viscosity dependent fluorescence quantum yield of violacein may be indicative of a
photoisomerization mechanism, as similar experimental observations have been made in
stilbenes!™ and cyanine dyes.}”® However, if cis-trans isomerization of the double bond
were occurring, the TA signals should be consistent with the formation of two products,
i.e., cis and trans isomers. This would be evidenced by an incomplete return of transient
signal to baseline in the kinetic traces, but this was not observed.

Alternatively, violacein excited-state deactivation could involve a large-amplitude
motion that enables access to a Cl with the ground state. Evidence for this lies in the
calculated molecular geometries of violacein in its ground and first excited state.
Theoretical calculations were performed by Dr. Tom A.A. Oliver from the University of
Bristol in Bristol, U.K. The optimized ground- and excited-state molecular geometries were
calculated at the RICC2 level of theory using def-SVP and def2-TZVP basis sets for both
violacein and deoxyviolacein in the gas phase. The results are shown in Figure 5.17. In the

ground state, the non-planar geometry is more stable than the planar geometry by about
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552 cm, suggesting that the pigment is predominantly non-planar at room temperature. In
the non-planar geometry, the OX is in plane with the central 2-PYR, whereas the 5-HI is
out-of-plane with a dihedral angle (N-C-C-C, as shown) of 30°. A dihedral angle of about
20° between the 5-HI and the coplanar 2-PYR and OX was predicted previously for
violacein using both semiempirical INDO/S™" and DFT calculations.!’® The 10° difference
may be due to the different levels of theory. In the excited state, the optimized geometry of
violacein is much more planar, although not perfectly planar, with a dihedral angle near
zero. Interestingly, the computational results were identical for both violacein and
deoxyviolacein, which adds to the argument made in Section 5.3.1.1 that the electronic
structure is not appreciably altered by the presence or absence of the C5-hydroxyl, and may

explain the identical excited-state lifetimes observed in both forms.

¢
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Figure 5.17. RICC2 quantum calculations of the (a) ground state and (b) excited state
optimized geometries of violacein in the gas phase.
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These geometry calculations may provide an explanation for the solvent viscosity
dependence of violacein excited-state deactivation. Upon absorption of a photon, the non-
planar violacein molecule is instantaneously excited to the Frank-Condon region, where it
initially maintains its non-planar geometry. The molecule subsequently moves to its more
planar geometry through a single bond torsional motion between the 5-HI and the coplanar
2-PYR and OX moieties, which enables it to access the CI with the electronic ground state.
After deactivation, the single bond torsion is reversed and the molecule once again
occupies its minimum energy non-planar geometry. In the low viscosity environment of
methanol and acetone, these molecular motions may occur with relative ease. However,
these molecular motions may be slowed considerably in more viscous or rigid solvent
environments considering the 5-HI group would have to rotate ~30° against frictional
forces of the solvent when transitioning between conformations. A rotation of this
magnitude would be slower in a more viscous solvent environment, which is consistent

with the observations in viscous solvents and optical glasses at 77 K.

5.4.2 Photostability and Comparison with Other Natural Pigments

In methanol, violacein excited-state deactivation occurs on an ultrafast timescale,
with an excited-state lifetime of 3 ps and an ultralow fluorescence quantum yield of 1.2 x
10, This measured fluorescence quantum vyield is comparable in magnitude to the low
fluorescence quantum yields of the canonical nucleobases, which are known to be highly
photostable.” Furthermore, TA signals show complete recovery to baseline, indicating that

no excited-state violacein molecules returned to their ground state energies without
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undergoing photoreactions or photoproduct formation. Taken together, the photophysics in
methanol suggest that violacein can be characterized as a photostable molecule.

Of course, violacein excited-state behavior in vivo may be drastically different than
in methanol. The measurements in viscous solvents illustrate how violacein deactivation
sensitively depends on the surrounding environment. Being water insoluble, it is likely the
pigment resides within the lipid bilayer of the CG23_2 bacterial cells. Konzen et al. showed
that violacein can be incorporated into the lipid bilayer of Chromobacterium violaceum
with high yields and that extraction of the pigment requires breaking of the cell walls.4®
The molecularly crowded cell membrane is likely to have a similar lifetime-lengthening
effect on the chromophore excited-state dynamics as the high viscosity solvent and low
temperature environments. With longer lifetimes, reactive excited states are more likely to
undergo potentially harmful photoreactions. Despite this possibility, excited-state duration
alone cannot adequately determine the sunscreening role of a molecule, especially one that
resides within the molecularly complex environment of a bacterial cell.

Evaluating the photoprotective role of a bacterial secondary metabolite is not a
trivial task. Not only should the molecule absorb solar radiation, its production must be
induced upon irradiation, and it must provide effective screening and enhance the
survivability of the organism under irradiation.”” Violacein meets the first two criteria, but
the second two are often complicated by several factors and are thus difficult to determine.
Oftentimes the evidence in support of a molecule acting as a sunscreen is circumstantial.
For instance, a major complication arises if the molecule in question also serves other

vitally important physiological purposes.t® Violacein may increase bacterial survivability
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due to its antioxidative properties,'48

and this active property complicates the determination
of its efficacy as a passive sunscreen molecule. The difficulty inherent in designating a
molecule as a sunscreen is the reason that of the many natural pigments found in biological
systems (e.g., mycosporine-like amino acids, flavonoids in plants, melanin in humans,
etc.), scytonemin produced in the sheaths of cyanobacteria is one of the only confirmed
screening compounds.*3®

Interestingly, the molecular structure of violacein can be compared to that of
scytonemin to a certain extent, and compared to carotenoids, both pigments have extended
absorption into longer visible wavelengths.!® In fact, one clear difference between
violacein and other carotenoid pigments is its increased long wavelength visible region
absorption. Zeaxanthin, astaxanthin and staphyloxanthin were also isolated from bacteria
in the Antarctic supraglacial stream water samples collected by the Foreman group. In
solution, these compounds exhibit ultrafast excited-state deactivation, with lifetimes of 9
ps for zeaxanthin and 5 ps for astaxanthin.'®'® This is consistent with the
characteristically low emissions of carotenoids in general.}’® However, these carotenoids

absorb strongest between 350 — 500 nm,*8%181 \whereas violacein has a broad absorption

band between 500 — 700 nm.

5.5 Conclusion

An ultrafast photophysical study of violacein in methanol, and several other solvent
environments, was presented for the first time. Violacein, a pigment produced by

Janthinobacterium sp. CG23_2 in Antarctica, has been proposed to protection the bacteria
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from harmful solar rays.* This work provides an ultrafast spectroscopic determination of
the intrinsic photoproperties of the pigment and a measurement of its fluorescence spectra
in methanol, acetone, ethylene glycol, glycerol, a glycerol-based DES, and in an alcoholic
glass at 77 K. Violacein has an ultrafast excited-state lifetime of about 3 ps in methanol,
and the deactivation mechanism via single bond torsion between the 5-HI and coplanar 2-
PYR and OX groups was supported by experiments in viscous solvents, cryogenic
temperatures and quantum chemical calculations. Further work is warranted to determine
the relevance of these results to the sunscreen capability of this pigment, and to further
understand the role of violacein in providing photoprotection for bacteria under elevated

solar irradiation.
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CHAPTER SIX

CONCLUSION AND OUTLOOK

6.1 Summary

Femtosecond pump-probe TA and TRIR spectroscopy, the two main techniques
used in this thesis, are powerful tools for studying the fleeting processes that govern
excited-state deactivation in biological molecules. In this dissertation, we have presented
research on the excited-state dynamics of base-stacked DNA and spectroscopic
investigations of excited-state processes in oxidatively damaged DNA and the pigment
violacein. Below we summarize the main findings of the research presented in each
chapter, and conclude by providing suggestions for future experimental work.

Over the last 20 years, excited-state deactivation in monomer bases has been well
characterized. Only recently were the deactivation pathways operative in DNA strands
more definitively assigned, in part due to the contributions discussed in this dissertation.
In Chapter 3, we discussed our recent observation of the vibrational signatures of radical
ion species generated via photoinduced ET from the oxidative product 8-oxo-7,8-dihydro-
2’-deoxyguanosine (O) to a base-stacked adenine (A) in the dinucleotide d(OA).?°
Agreement between the theoretically calculated difference spectrum and the TRIR
experimental decay-associated difference spectrum at 60 ps, in addition to observing A
vibrational modes after selective excitation of O with 295 nm, enabled us to unambiguously

assign the long-lived transient signal to a CT excited state consisting of an O radical cation
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and an A radical anion. The CT state deactivates on a timescale consistent with the rate of
BET, which occurs in tens of picoseconds in d(OA).?°

The amplitude of the long-lived transient signal in d(OA) is 4-fold greater after 265
nm than 295 nm excitation, showing that the CT state is accessed with relatively high
quantum vyield using the shorter wavelength. This observation suggests that similar CT
states could be accessed in natural DNA and potentially with high yield considering the
canonical bases have greater extinction coefficients at 265 nm than the oxidatively
damaged bases. Our results, and the recent observations made by other groups,3? 8 provide
experimental evidence supporting that CT excited states give rise to the long-lived transient
signals observed in DNA strands. Since these spectroscopic observations of photoinduced
ET in DNA strands, CT species in double-stranded DNA have also been observed.3® 35-36.
38

The photophysics of two oxidatively damaged pyrimidine nucleosides and their
dinucleotides with adenine were studied using steady-state and ultrafast spectroscopic
techniques. The results of these investigations were presented in Chapter 4. The excited-
state lifetimes of 5-hydroxycytosine and 5-hydroxyuridine in aqueous solution were
measured for the first time. Our results are consistent with previous experimental
observations showing that C5 modification to the canonical bases results in lengthened
singlet lifetimes.'?% 128129 |n the case of 5-HC, the lifetime of cytosine was increased 150-
fold, which is greatest among the other C5-modified cytosines studied to date. The
measured excited-states of 5-HC and 5-HU reflect the lifetimes of the emitting states

observed in their steady-state emission spectra. This was validated by a Strickler-Berg
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analysis, which showed that the fluorescence lifetimes of 5-HC and 5-HU, calculated using
their fluorescence quantum yields, are consistent with the lifetimes observed in TA
measurements.

Time-resolved IR spectra of the two 5-hydroxypyrimidine dinucleotides containing
A showed spectral evidence for photoinduced ET, including the appearance of A bleach
bands and absorption bands corresponding to radical ion species, after selective excitation
of the oxidatively damaged bases. The lifetimes of the dinucleotide excited states were
assigned to back ET, whereas the forward ET process occurs on a timescale that is faster
than our instrument resolution (<0.5 ps). The asymmetry observed in the timescales for
forward and back ET is consistent with rates that occur in the Marcus inverted region, and
is justified by our estimated driving forces for forward and back ET. In these dinucleotides,
the CT state is populated on an ultrafast timescale because the driving force for forward
ET is nearly equal in energy with the reorganization energy.®? These results provide further
evidence of CT state population in DNA strands when the nucleobases are stacked, in
addition to corroborating the ET mechanism proposed for the photoinduced repair of
photoproducts by oxidatively damaged bases.3% 4°

Using time-resolved methods, we conducted the first ultrafast spectroscopic
investigation of violacein, a bisindolic pigment produced by Antarctic bacteria isolated
from samples collected by the Christine Foreman group from MSU’s Department of
Biofilm Engineering. Measurements of violacein’s excited-state lifetime in methanol
showed that the pigment deactivates on a picosecond timescale. We observed that the

lifetime lengthens and the fluorescence quantum yield increases when the pigment is in
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solvents with increasing viscosity. The picosecond lifetime of violacein in methanol shows
a distinctive solvent viscosity dependence, indicating that excited-state deactivation in
violacein is highly sensitive to the solvent environment. In Chapter 5, we discussed these
observations in the contexts of deactivation mechanisms that show similar solvent-

viscosity dependences and the proposed photoprotective role of violacein in bacteria.

6.2 Future Directions

The studies presented in this thesis show the powerful potential of ultrafast
spectroscopic techniques to unravel the complex photophysics of biological molecules,
such as DNA and violacein. This dissertation adds to the field of DNA excited-state
dynamics research by presenting definitive spectroscopic evidence for assigning enigmatic
long-lived excited states in DNA to CT states. In addition, this work shows that
photoinduced ET occurs from three oxidatively damaged bases positioned next to
canonical nucleobases, an observation that supports their proposed roles as prebiotic redox
cofactors. Finally, this thesis contributes the first steady-state and ultrafast spectroscopic
measurements of the UV- and visible-induced excited states of the 5-hydroxypyrimidine
nucleosides, 5-HC and 5-HU, and of the pigment violacein. Through the course of this
doctoral work, the excited-state dynamics of DNA, in both canonical and oxidatively
damaged forms, and violacein were thoroughly investigated, but many unanswered
questions remain. In these concluding paragraphs, we give suggestions for future
experiments that may increase understanding of the excited-state dynamics in the systems

we have discussed.
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The studies discussed within this thesis helped define a more specific understanding
of the excited-state deactivation pathways available in natural DNA. A remaining question
in DNA excited-state dynamics research involves determining how charge separation
occurs and the extent of charge delocalization in DNA. There is high interest in
understanding charge migration dynamics in DNA strands and higher-order systems!82-183
for the development of novel DNA photovoltaic devices.!318 Bucher et al. provided
spectroscopic evidence for charge delocalization in single strands after selective excitation
of 5-methylcytosine.®®* Charge separated states spanning across up to four uracil spacer
molecules were observed using TRIR spectroscopy.®® However, it is unclear that the uracil
spacing bases are effective charge conductors, considering they do not base stack very well.
In addition, length-dependent studies suggest that single DNA strands actually contain
significant structural heterogeneity,%? 8 and that the average base stacking length in strands
is 2 bases. 18

Continued investigation of DNA charge separation is warranted to clarify the extent
of charge delocalization in single and double strands. A suggested experiment is to measure
TRIR spectra of the excited-state dynamics leading to charge separation between donor
and acceptor bases in a series of DNA single and double strands containing an increasing
number of A spacing bases, which has a higher stacking probability than the pyrimidines.
As shown in this thesis, TRIR spectroscopy monitors narrow vibrational transitions and
can thus identify transient species more definitively than electronic spectroscopic methods.
By monitoring the pump fluence, the number of excited states generated can be roughly

estimated. This quantity can be compared with the amplitudes of the vibrational marker
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bands of the transient species to determine how many excitations lead to charge separation.
Then the spatial extent of the charge delocalization can be determined by the number of
spacer bases required to eliminate the deactivation channel that leads to charge separation.

Oxidatively damaged DNA bases can lead to strand scission, base-pair mismatches,
and eventually miscoding errors that can be highly mutagenic.3® 1911 However, the
studies presented in this thesis have shown that the oxidative products also undergo
photoinduced ET with stacked DNA bases, supporting the mechanism proposed for their
ability to repair other photodamages such as CPDs in DNA. An interesting research
direction for studying the excited-state dynamics of DNA containing oxidative products
would be to investigate whether the harmful effects of oxidative damages in DNA are
balanced by the beneficial effects of photoinduced CPD repair mediated by the oxidative
products. TRIR spectroscopy could be used to study the excited-state dynamics of DNA
strands incorporating oxidative products and CPDs. If there are non-overlapping
vibrational features specific to the oxidatively damaged bases and the CPDs, the amplitude
of the photoproduct bands could be related to the concentration of CPDs, and if
photoinduced CPD repair occurs, the timescales of the different species’ bands can be used
to determine the relative rates of degradation and repair.

Preliminary spectroscopic measurements of the excited-state properties of violacein
were presented in this thesis, but the fundamental deactivation mechanism and the potential
bacterial sunscreen role of violacein need to be more thoroughly studied. Single-
wavelength TA experiments, such as those presented in Chapter 5, may not provide

adequate information for fully elucidating the mechanism of molecular excited-state
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deactivation. Broadband UV-visible TA would provide a more complete survey of the
excited-state properties necessary for determining the mechanism of deactivation.
Broadband measurements in low viscosity solutions can be compared with those in the
more viscous solutions to determine how the mechanism of deactivation is affected by the
solvent environment.

More spectroscopic measurements are needed to confidently determine the
efficiency of violacein excited-state deactivation and whether its excited-state properties
support the claim that violacein provides photoprotection for the bacteria that produce it.
Our excited-state observations of violacein deactivation in viscous solvents show that the
excess electronic energy is deactivated on lengthened timescales. Longer excited-state
lifetimes mean the molecule is in its reactive excited state for a longer amount of time,
which may increase the potential for photoproduct formation.* The longer lifetimes of
violacein in the viscous media may indicate decreased photostability and negate its ability
to act as a sunscreen. Steady-state photodegradation experiments could be used to quantify
the rate of violacein photodegradation in the different solvents.

The excited-state properties of violacein could also be investigated in environments
similar to its natural bacterial environment. The pigment likely resides in either the
bacterial membrane or cell wall, as indicated by the work of Konzen et al.**® In a bacterial
cell membrane the molecular motions of violacein would be constrained by the lipid
environment. The pigment would be even more constrained in the cell wall. The excited-
state properties of violacein in a bacterial cell can be modeled by incorporating the pigment

into model lipid membrane vesicle systems. Spectroscopic measurements of violacein as it
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has naturally incorporated within model vesicle systems can be used to evaluate the
efficiency of violacein excited-state deactivation in a molecularly-crowded lipid
environment. The additional insight gained would be helpful for evaluating the ability of

violacein to provide photoprotection for Antarctic bacteria.
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